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Abstract 
The African  continent  harbors  a  high  level  of  human  genetic  diversity. The African  genetic 
landscape was shaped by numerous migrations, admixture events and selective adaptations 
to environmental factors and pathogen burden. In Africa, the Sahel belt was one of the most 
important migration routes, while the Trans-Atlantic Slave (TAST) Trade introduced the largest 
forced  migration  of Africans  into  Europe  and Americas,  and  the Arabic  Slave Trade  was  a 
parallel  phenomenon  into Arabian  Peninsula  and  the  Near  East.  In this  study  we  aimed  to 
investigate  the  admixture  patterns  along  these  migration  routes  and  the  role  that  African 
ancestry played in the adaptation to environment and diseases. 
We performed dense (2.5 million) SNP genotyping in 161 Africans from Sahel (west, central 
and east; sedentary and nomadic), and in 273 Cuban individuals in the context of dengue fever 
disease (controls, asymptomatic and dengue fever patients with and without hemorrhages). In 
addition, we sequenced 57 new whole mitochondrial DNA (mtDNA) samples from East Africa 
and Arabian Peninsula. 
SNP data were analyzed for population stratification, linkage disequilibrium patterns, signals of 
positive selection and local admixture inference. Mitochondrial data were used for phylogenetic 
reconstruction  and  time  to  most  recent  common  ancestor  (TMRCA)  analysis.  Admixture 
analysis in Sahel indicated uniform African ancestry of Western groups and admixture with non-
African  ancestry  in  Central  and  Eastern  groups.  Local  ancestry  mapping  in  East Africans 
identified excess of African ancestry at DARC gene, providing complete resistance to malarial 
agent Plasmodium vivax, and a peak of non-African ancestry in RAB3GAP1/LCT/MCM6 region 
possibly related with lipid metabolism. We also applied iHS and XP-EHH selection tests to 
investigate selection signals from haplotype structure. We have noted that several genomic 
regions exhibited a signature of positive selection in all investigated populations, while other 
signals are geographically clustered. In particular, strong selection signals on DARC and PIGG 
genes were observed in populations across the Sahel. On the contrary, selection signature on 
genes involved in lipid metabolism was confined to Eastern Sahel populations, while signal in 
SPINT2/CATSPERG region was specific for populations of Western Sahel. We also report a 
 2 
 
population specific signal of selection on TAS2R taste receptors in Fulani possibly driven by 
sexual selection. 
In Cuba, we identified two regions of African ancestry significantly linked with the asymptomatic 
dengue  fever  phenotype:  a  short  haplotype  in  3p22.3,  within  OSBPL10  gene;  and  9q34.3 
region in proximity of the RXRA gene. For both genes, the most significant SNPs are placed 
outside the coding region, being probably involved in the gene expression regulation. Indeed, 
we confirmed that the expression of these genes changes along dengue disease progression, 
by measuring the mRNA expression of OSBPL10 and RXRA in Cuban patients. The mRNA 
expression of RXRA was significantly lower along the disease than in convalescence (day 30). 
While mRNA expression of OSBPL10 is significantly lower at day 3 but rises at day 7, and 
decreases  again  in  convalescence.  This  evidence  confirms  the African  protection  against 
dengue  hemorrhagic  fever,  which  might  be  mediated  through  cholesterol  and  retinoid  acid 
metabolism, essential for instance in the replication of viruses in hepatocytes and production 
of cytokines in macrophages.  
Finally, we estimated migration events between Africa and Eurasia through information from 
mitochondrial and genome-wide data. We argue that founder analysis based on mitochondrial 
markers provide better estimates for old demographic events than methods based on linkage 
decay between segregating autosomal markers. The capacity to disentangling between recent 
and old migration events is essential to properly ascertain the impact of the African slave trade 
into several parts of the world, except into the Americas. Our analyses indicated that gene flow 
across the Red Sea was mainly due to the Arab slave trade and maritime voyages in the period 
from 2.5 ka to very recent times, but had already begun by the early Holocene. 
The detailed ancestry characterization in African and African descendant populations is of high 
anthropological  and  medical  relevance  and  can  help  us  to  dissect  complex  host-pathogen 
interactions and to shed light on several complex diseases. 
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Resumo 
O  continente  africano  comporta  uma  elevada  diversidade  genética  humana.  A  paisagem 
genética africana foi moldada por numerosas migrações, eventos de mistura e adaptações 
seletivas  a  fatores  ambientais  e  patogénicos.  O  Sahel  constituiu  uma  das  rotas  mais 
importantes de migração dentro de África, enquanto o Tráfico Trans-Atlântico de Escravos 
(TAST) introduziu a maior migração forçada de africanos na Europa e nas Américas e o Tráfico 
Árabe de Escravos foi um fenómeno paralelo para a Península Arábica e o Próximo Oriente. 
Neste estudo tivemos como objectivo investigar os padrões de mistura ao longo destas rotas 
de migração e o papel que a ancestralidade africana desempenhou na adaptação a ambientes 
e doenças. 
Assim, realizámos a genotipagem de alta resolução de SNPs (2,5 milhões) em 161 africanos 
do Sahel (oeste, centro e leste; sedentários e nómadas) e em 273 Cubanos no contexto da 
febre  da  dengue  (controlos,  assintomáticos  e  doentes  com  febre  da  dengue  sem  e  com 
hemorragias). Adicionalmente, sequenciámos 57 genomas mitocondriais completos (mtDNA) 
em amostras do Leste de África e da Península Arábica. 
Os  dados  dos  SNPs  foram  analisados  quanto  a  estratrificação  populacional,  padrões  de 
linkage disequilibrium, sinais de seleção positiva e inferência de mistura local. Os dados de 
mitocondrial foram usados para reconstrução filogenética e estimativa do ancestral comum 
mais recente (TMRCA). A análise de mistura no Sahel indicou uma ancestralidade africana 
uniforme nos grupos oeste e mistura com ancestralidade não-africana nos grupos central e 
leste. O mapeamento por ancestralidade local nos africanos do leste identificou excesso de 
ancestralidade  africana  no  gene  DARC,  que  confere  resistência  ao  agente  da  malária 
Plasmodium vivax, e um pico de ancestralidade não-africana na região 
RAB3GAP1/LCT/MCM6, possivelmente relacionada com o metabolismo de lípidos. Também 
aplicámos testes de seleção iHS e XPEHH de modo a investigar sinais de seleção a partir da 
estrutura dos haplótipos. Notamos que várias regiões exibem sinais de seleção positiva em 
todas as populações investigadas, enquanto outros sinais estão geograficamente agrupados. 
Concretamente, sinais fortes de seleção foram observados para os genes DARC e PIGG em 
todas  as  populações  do  Sahel.  Em  oposição,  sinais  de  seleção  em  genes  envolvidos  no 
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metabolismo  dos  lípidos  estavam  confinados  às  populações  do  Leste  do  Sahel,  enquanto 
sinais na região SPINT2/CATSPERG eram específicos do Oeste do Sahel. Também 
reportamos um sinal numa população, a seleção nos receptores de sabor TAS2R nos Fulani, 
possivelmente derivado de seleção sexual. 
Em Cuba, identificamos duas regiões de ancestralidade africana associada com o fenótipo 
assintomático da febre da dengue: um haplótipo pequeno em 3p22.3, no gene OSBPL10; e 
na  região  9q34.3,  na  proximidade  do  gene  RXRA.  Em  ambos  os  genes,  os  SNPs  mais 
significativos estão localizados fora da região codificante, estando provavelmente involvidos 
na regulação da expressão dos genes. De fato, através da medição da expressão de mRNA 
de OSBPL10 e RXRA em doentes cubanos, confirmamos que a expressão destes genes se 
altera ao longo da progressão da doença da dengue. A expressão do RXRA era 
significativamente inferior durante a doença quando comparada com a convalescença (dia 
30). Enquanto a expressão de OSBPL10 era significativamente inferior no dia 3, aumentava 
no dia 7 e voltava a diminuir na convalescência. Esta evidência confirma a proteção africana 
contra a febre hemorrágica da dengue, possivelmente mediada através do metabolismo de 
colesterol e  ácido  retinóico, essenciais por exemplo  para  a replicação dos vírus  nos 
hepatócitos e a produção de citoquinas nos macrófagos.  
Finalmente, estimamos es eventos de migração entre África e Eurasia através de informação 
mitocondrial e autossómica. Argumentamos que a análise de fundador baseada em 
marcadores mitocondriais providencia  melhores estimativas  para eventos  demográficos 
antigos do que os métodos baseados em linkage decay para os marcadores autossómicos. A 
capacidade de discernir entre eventos migratórios recentes e antigos é essencial para avaliar 
corretamente o impacto do tráfico de escravos africanos para várias partes do mundo, exceto 
para  as Américas. A nossa  análise  indica que o fluxo  génico  através  do  Mar  Vermelho foi 
maioritariamente  devido  ao  tráfico  Árabe  de  escravos  e  às  viagens  marítimas  no  período 
desde 2.500 anos até quase ao presente, mas tinha já começado no Holoceno Inicial. 
A caracterização detalhada das populações africanas e das suas populações descendentes é 
de elevada relevância antropológica e médica, podendo ajudar a dissetar interações 
complexas hospedeiro-patogénio e a esclarecer o mecanismo de várias doenças complexas. 
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1.1 Human genome 
1.1.1 Deoxyribonucleic acid (DNA) and the genetic code 
Genetic information is stored in the molecule of deoxyribonucleic acid (DNA), composed of two 
complementary strands of biopolymers coiled around each other. Each strand is build up from 
nucleotides, the monomeric subunits consisting of nitrogen-containing nucleobase, 
deoxyribose and phosphate group. The phosphate group is connected to the sugar by covalent 
bond forming the alternating sugar-phosphate backbone of the DNA strand. Each deoxyribose 
sugar  has  a  nitrogen-containing  base  attached  to  it.  There  are  four  types  of  nucleotides: 
adenine,  guanine,  cytosine  and  thymine.  Nucleotides  are  grouped  by  the  type  of  nitrogen-
containing base: adenine and guanine are purines; cytosine and thymine are pyrimidines. The 
different chemical properties of purines and pyrimidines determine the pairing fashion between 
the nucleotides: purine adenine (A) pairs with pyrimidine thymine (T), and purine guanine (G) 
pairs  with  pyrimidine  cytosine  (C).  Nucleotides  in  double-stranded  DNA  are  connected  by 
hydrogen bonds. The double stranded DNA is wrapped around structural proteins histones, 
forming organized structures of packed DNA called chromosomes. 
During the process of transcription one strand of DNA is used as a template for synthesis of 
messenger ribonucleic acid (mRNA), which serves as a mediator of the genetic information 
between DNA strand and ribosome, where nucleotide sequence is translated into protein. The 
mRNA is a single-chain nucleic acid composed of the same nucleotides as DNA, except for 
thymine, which is substituted by uracil (U). The synthesis of proteins at the ribosomes is based 
on the translation of nucleotide sequence in mRNA to the sequence of amino acids of a protein. 
This process is defined by the genetic code that determines the correspondence between the 
64 possible triplets and the 20 amino acids. Triplet or codon is a sequence of three consecutive 
nucleotides and each of them codes for a particular amino acid, except for the stop codons, 
which terminate the synthesis of protein. Since the number of amino acids is lower than the 
number of possible codons, the genetic code is redundant, i.e. one amino acid can be coded 
by several codons. 
The  human  genome  contains  approximately  3.2  billion  base  pairs  (bp)  distributed  into  23 
chromosomes,  located  in  the  nucleus  of  cells  (nuclear  DNA;  nDNA).  In  somatic  cells,  the 
human genome is present in diploid state, meaning there are two sets of genetic information 
and all chromosomes, present in pairs. The human karyotype comprises 22 pairs of autosomal 
chromosomes  present  in  both  sexes,  and  one  pair  of  sex-specific  chromosomes,  whose 
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combination determines the sex. The female karyotype contains two chromosomes X, the male 
karyotype contains one X and Y chromosome. 
The human genome harbours approximately 20-25 thousands of genes, the genomic regions 
coding for functional RNA or protein product. Genes constitute only approximately 1.5% of the 
human  genome,  while  the  remaining  genome  consists  of  non-coding  RNAs,  regulatory 
sequences, retrotransposons, introns, and sequences with unknown function. 
The majority of the nDNA can be subjected to recombination during meiosis, by which portions 
of the paired chromosomes (one inherited from the father and the other from the mother) are 
shuffled,  originating  new  combinations  of  genetic  diversity.  But  there  are  portions  of  the 
genome  that  are  inherited  only  from  one  parent  and  therefore  escape  the  recombination 
process. These uniparental markers are  the mitochondrial DNA (mtDNA) typically inherited 
only  in  the  maternal  lineage,  and  the  Y  chromosome  inherited  exclusively  in  the  paternal 
lineage.  
1.1.2 Mitochondrial DNA 
The mitochondrion is a double-membrane cell organelle located in the cytoplasm of nearly all 
eukaryotic  cells.  Human  cells  contain  approximately  100  mitochondria,  involved  in  several 
cellular processes. Primarily, they supply the cell with chemical energy stored in the form of 
adenosine triphosphate (ATP), however mitochondria are also involved in signaling, cellular 
differentiation and cell cycle (Giles et al. 1980). Each mitochondrion contains 5-15 copies of 
mtDNA, which is organized in a circular double stranded molecule that contains 16,569 bp, 
coding for 37 genes. Out of those genes, 13 are polypeptides of the oxidative phosphorylation 
system, 22 are transfer RNAs and 2 ribosomal genes. The genetic code used for the translation 
of mtDNA sequence into proteins differs from the code used for nDNA (Ernster & Schatz 1981). 
In particular, triplets AGA and AGG are stop codons, UGA encodes for tryptophan, and AUA 
codes for methionine (Chinnery et al. 1999). Also, the largest portion of genes required for 
mitochondrial function  (more than  90%)  is  located  in  the  nuclear genome,  including genes 
involved in the oxidative phosphorylation (Gray 1993). 
Because  mtDNA  does  not  undergo  recombination  and  rapidly  accumulates  mutations  (the 
mtDNA mutation rate is approximately 10 times higher than the average rate of nuclear genome 
(Jobling et al. 2013)), it is frequently used as a marker in population genetics (Torroni et al. 
2006).  It  allows  for  inferences  about  the  past  migrations  and  demographic  events  through 
statistical comparison of variation between mtDNA sequences. Particularly important is the 
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coalescence estimation, which is based on the assumption that all human mtDNA sequences 
descended from a single ancestral known as mitochondrial Eve, retroactively reconstructing 
evolution of sequences back in time. Additionally, given the roughly constant mutation rate of 
the  mitochondrial  genome  along  human  evolution,  coalescence  algorithms  can  provide 
estimation  of  the  time  elapsed  since  a  group  of  sequences  shared  a  common  ancestor 
(TMRCA). Individual branches and sub-branches of human mtDNA sequences are classified 
into  haplogroups,  forming  the  human  mtDNA  tree,  which  reflect  the  history  of  human 
migrations. Most basal haplogroups L0, L1 and L2 are confined to Africa. Haplogroup L3 is 
mostly African as well, but it also encapsulates all of the non-African haplogroups, included in 
sub-haplogroups M and N. This fact led to the model of out of Africa migration (Cann et al. 
1987), which is vastly accepted nowadays: the origin of modern humans took place in Africa, 
and the colonization of the remaining globe occurred after migration from Africa. Haplogroup 
M  is  frequently found  throughout  South  Asia,  Siberia  and  Northeast  Asia.  Subgroup  M1  is 
present also in East Africa, plausibly because of back migration from Eurasia (Richards et al. 
2006).  
Haplogroup N contains major sub-haplogroup R, which covers the majority of European mtDNA 
lineages, and non-R haplogroups, which constitute the deepest branches in haplogroup N, as 
the rare haplogroups N1 and N2, present for example in isolated Siberian populations, and 
haplogroups O and S found in Australasia. 
1.1.3 Y chromosome 
Y chromosome is a sex chromosome specific for males. Its length is around 58 million bp, 90% 
of which compose the non-recombining region. It contains more than 200 genes,  72 out of 
them having known protein product. Particularly important is the sex determining region (SRY) 
gene, which initiates male sex determination during embryonal development. 
Analogically  to  mtDNA,  Y  chromosome  phylogeny  reflects  the  out  of  Africa  migration  and 
colonization of continents. The Y chromosome haplogroups are labeled from A to T, where A 
is the most basal group and T is the most divergent. Therefore, the deepest split in the human 
Y chromosome tree is between the haplogroup A, which is restricted to African and African 
descendant populations, and groups from B to T, which can be found also outside the African 
populations. Haplogroup A has the highest frequency in Namibian San and Nama people with 
frequencies 66% and 64%, respectively (Wood et al. 2005). High frequencies of A haplogroup 
were  reported  also  from  Sudanese  Dinka,  Shilluk  and  Nuba  people  (Hassan  et  al.  2008). 
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Haplogroup B is also predominantly African with high frequency in hunter-gatherer populations 
Biaka and Mbuti (Berniell-Lee et al. 2009), but was reported also from Arabian peninsula (Abu-
Amero et al. 2009) and Eurasia (Grugni et al. 2012). In Middle East, haplogroup J is frequent, 
which can be found also throughout South Europe. In general, the most frequent haplogroups 
in Europe are I and R, although R is also common in Central Asia and Indo-European speakers 
from North India. Haplogroup N is often found in Siberian and Northeast Asian populations like 
Even, Nenets and Buryat. The Native Americans have high frequency of haplogroups Q, and 
in  Northern  America  lineages  from  haplogroup  C  are  also  present,  although  they  are  very 
frequent  in  Central  and  North  Siberians,  Australian  Aborigenes,  New  Zealand  Maori  and 
Polynesians. Southeast Asia is dominated by lineages belonging to haplogroup O, except New 
Guinea, where the most prevalent is haplogroup M (Jobling et al. 2013). 
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1.2 Processes shaping genetic diversity of populations 
1.2.1 Mutation 
The only source of novel genetic variation is mutation, any change in the genetic information 
producing a new allele (Jobling et al. 2013). Mutation occurs as result of the failure in the DNA 
replication or DNA repair mechanisms. According to the scale of the DNA alteration, mutations 
can be classified into several categories. 
1.2.1.1 Point mutation 
The most frequent type of point mutation consists in the exchange of one single nucleotide by 
another  (also  single  nucleotide  polymorphism  or  single  nucleotide  variant,  SNP  or  SNV). 
Depending  on  the  type  of  nitrogenous  base,  point  mutations  can  be  either  transitions  or 
transversions, the first much more common (Freese 1959). In transition, a purine nucleotide is 
substituted  by  another  purine,  or  a  pyrimidine  by  another  pyrimidine.  On  the  contrary, 
transversion is a substitution of a purine by a pyrimidine or vice versa. Although there are two 
possible  transversions  and  only  one  possible  transition  for  each  nucleotide,  transitions  are 
more  frequent,  because  substituted  nucleotides  have  equal  number  of  ring  structures. 
Nucleotide substitutions can be caused either by misincorporation of the nucleotide during DNA 
replication or by chemical/physical mutagens. Misincorporation can occur when DNA 
polymerase  attaches  the  wrong  nucleotide  at  the  3'  daughter  strand  and  the  proofreading 
mechanism  of  the  replication  machinery  fails  to  recognize  this  misincorporation.  The  high 
fidelity of the replication mechanism ensures that replication errors occur less than 1 ×10 −9 
per nucleotide per replication event (McCulloch & Kunkel 2008) in the human genome.  
Besides misincorporation during replication, point mutations can result also from spontaneous 
endogenous  chemical  processes  in  cells,  which  can  trigger  the  alteration  or  loss  of  the 
nucleotide base. This includes deamination, oxidation, methylation and depurination. Chemical 
mutagens  include  substances  which  can  be  incorporated  during  the  replication  but  having 
different base-pairing properties (base analogs), substances altering base-pairing properties 
(base  modifying  agents), molecules  which  can  insert  between  nucleotides  and  distort  helix 
structure (intercalating agents), or substances which cross-link different parts of the DNA helix 
(cross-linking agents) (Jobling et al. 2013). 
Apart from chemical mutagens, the DNA is exposed also to a variety of physical influences with 
mutagenous  potential,  in  particular  low-energy  electromagnetic  radiation  (e.g.  ultra  violet 
radiation) and higher-energy ionizing radiation (e.g. gamma radiation). Adverse effects of UV 
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radiation arise from its ability to induce DNA lesions through cyclobutane–pyrimidine dimers 
(Sinha and Häder 2002). Ionizing radiation can promote mutations directly by inducing DNA 
strand breaks or indirectly by producing free radicals, which in contact with the DNA molecule 
can cause nucleotide substitutions or deletions. 
Insertions or deletions of one base can also occur, and are designated by indels. 
1.2.1.1.1 Synonymous mutations 
Single nucleotide polymorphisms and indels might affect the function of genes. There is a wide 
variety  of  possible  results  of  point  mutations,  depending  whether  the  mutation  leads  to 
changing  the  sequence of  amino  acids  and, consequently,  the final  protein.  In  the  case  of 
synonymous  mutations,  the  sequence  of  amino  acids  remains  intact,  due  to  the  already 
mentioned high redundancy of the genetic code. This mechanism provides a certain degree of 
protection against the adverse effects of base substitutions. Although synonymous mutations 
are often considered silent, under certain circumstances they can affect transcription, splicing 
and translation, and in this way alter the resulting phenotype (Chamary et al. 2006).  
1.2.1.1.2 Nonsynonymous mutations 
Point  mutations  which  alter  the  sequence  of  amino  acids  are  called  nonsynonymous  or 
missense. If the replaced amino acid has similar chemical properties (e.g. hydrophobicity), the 
mutation  is  considered  conservative.  But  even  a  conservative  substitution  can  have  a 
considerable functional impact if it occurs at binding sites of the protein.  
A non-conservative substitution occurs when one amino acid is substituted by an amino acid 
with different chemical properties. This kind of mutation is more probable to be deleterious than 
the conservative substitutions, as the resulting protein is likely to lose its function. 
The most severe type of point mutation in terms of effect on protein product is indel in an open 
reading frame (ORF). Insertion or deletion of one or more bases in non-multiples of three leads 
to shifts in the reading frame, hence the final protein of mutated phenotype can be completely 
different from the wild type protein, depending on the position of mutation in gene (worse at the 
beginning of the ORF). Frame shifts can also lead to premature termination of transcription, if 
a stop codon is reached, or on the contrary, to abnormally large protein if the stop codon is 
omitted (Jobling et al. 2013). If the deletion is in multiples of three, it will lead to the loss of one 
or several amino acids, but to no frame shift of the protein. 
Among typical examples of deletions within ORF leading to severe disease is cystic fibrosis 
(Dalemans  et  al.  1991),  which  is  mainly  caused  by  deletion  of  phenylalanine  amino  acid 
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(∆F508) from the CFTR protein, leading to protein malfunction. Another example is the deletion 
of  6  bp  in  APOL1  gene,  resulting  in  two  neighbouring  amino  acids  being  removed  from 
apolipoprotein L-1, which leads to higher risk of kidney disease, but also provides resistance 
to sleeping sickness (Genovese et al. 2010).  
1.2.1.2 Structural variation 
Genomic changes larger than 1 Kbp are usually regarded as genomic structural variations. 
Based on the scale and nature of the genomic alteration, structural variation can be classified 
into several categories: 
1.2.1.2.1 Microscopic structural variation 
This type includes large genomic changes that can be observed by optical microscope, such 
as aneuploidies and chromosomal aberrations (Reich et al. 2002). Chromosome aberration 
(abnormality)  is  the  most  severe  type  of  genomic  structural  variation.  Typically  it  involves 
deletions or duplications of whole parts of chromosomes, often with pathologic effect on the 
phenotype. Aneuploidity indicates a state, where one or more chromosomes are present in a 
different count than two. For instance, trisomy in chromosome 21 leads to Down syndrome, or 
monosomy of X chromosome determines Turner syndrome. 
1.2.1.2.2 Copy-number variation 
Copy-number variation (CNV) is a type of structural variation, where organism have abnormal 
number of copies of certain portions of DNA. Investigation of CNVs is complex and requires 
specific cytogenetic techniques e.g. fluorescent in-situ hybridization or comparative genomic 
hybridization  (Sudmant  et  al.  2010).  Although  most  of  the  CNVs  probably  do  not  affect 
phenotype,  some  of  them  have  been  associated  with  susceptibility  or  resistance to  certain 
diseases. It has been shown, that individuals with higher number of copies of CCL3L1 gene 
have decreased risk of infection and/or progression of HIV infection (Dolan et al. 2007). Around 
5%  of  the  human  genome  consists  of  duplicated  DNA  sequences  enriched  for  genes 
participating  in  immunity  response  and  some  of  them  have  dosage  effect  (Gonzalez  et  al. 
2005). 
1.2.2 Meiotic recombination 
During  meiotic  recombination,  homologous  chromosomes  can  either  exchange  portions  of 
chromosome in the process of crossing-over, or convert a part of sister chromatide in non-
reciprocal manner in the process of gene conversion. Recombination between homologous 
chromatides breaks down haplotypes in recombination locations and creates new recombined 
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haplotypes on both homologous chromosomes. Recombination is more likely to occur between 
distant loci on chromosome and less likely between proximate sites, but the recombination rate 
is not uniform along the chromosome, creating patterns of recombination hotspots and zones 
of low recombination (Figure 1). Analysis of fine-scale recombination map revealed a particular 
DNA sequence of 13 bp, which has been associated with recombination hot-spots in humans: 
CCNCCNTNNCCNC. This motif is possibly a binding site for protein PRDM9, which is capable 
of modifying histone H3 and, in this way, trigger recombination (Myers et al. 2008). 
Thus,  meiotic  recombination  plays  an  important  role  in  evolution,  with  sexual  reproduction 
producing high levels of diversity in every generation and allowing faster adaptation than in 
asexually reproducing organisms (Jobling et al. 2013). 
1.2.3 Linkage disequilibrium 
As  the  recombination  between  nearby  loci  is  less  probable  than  between  distant  loci, 
neighbouring  alleles  are  linked.  This  non-random  association  of  alleles  is  called  linkage 
disequilibrium. Investigation of linkage disequilibrium provides useful information in association 
studies,  because  due  to  linkage  of  nearby  alleles,  fewer  typed  SNPs  are  needed  to  flag 
associated loci. Linkage disequilibrium is also a good indicator of positive selection, because 
advantageous haplotypes can produce patterns of long-ranging linkage. The most common 
measures of linkage disequilibrium are Lewontin's D, D' and r2. D is the simplest measure of 
linkage disequilibrium, defined as a difference between observed and expected frequency of 
Figure 1 - Chromosomal recombination by crossing over. (1A) Chromosomes in interphase G1. 
(1B)  Chromosomes  in  interphase  S.  (1C)  Chromosomes  during  crossing-over  in  prophase  1.  (2) 
Variability of recombination rate along chromosome 21, with indication of hotspots (adapted from Myers 
et al. 2006). 
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two-locus haplotype: 
D= x11-p1q1 
Since the value of D depends on allele frequency, comparison of LD between different loci 
requires standardization of values. This is done by D', where the absolute value of D is divided 
by the maximal value: 
D'= |�| �max⁄  
Another measure is r2, calculated as the squared correlation coefficient between two loci.  
1.2.4 Genetic drift 
In  contrast  to  the  latter  mentioned  processes  which  enhance  diversity,  genetic  drift  is  an 
evolutionary process which acts in the opposite direction and decreases allele diversity in the 
population gene pool. Genetic drift is a change in allele frequency in population in time due to 
the random sampling of organisms in the next generation (Masel 2011). The strength of the 
genetic drift is determined by the effective size of the population: small and isolated populations 
are  more  likely  to  experience  stronger  genetic  drift  than  the  large  ones  (Zimmer  2001, 
Figure 2). 
1.2.5 Bottleneck and founder effect 
Bottleneck and founder effect are demographic events with strong impact on genetic diversity. 
Both are characterized by rapid decrease in population size. In the case of bottle neck, the 
population size decreases for example due to epidemics or abrupt  environmental changes, 
while  founder  event  results  from  colonization  of  a  new  habitat.  In  both  cases,  the  genetic 
diversity of the resulting population is a subset of the genetic diversity present before the event. 
Figure  2  –  Simulated  genetic  drift.  Graphic  representation  of  computer-simulated  genetic  drift  in 
populations of 20, 200 and 2000 individuals over 50 generations. The effect of genetic drift is stronger in 
smaller than larger populations (CC BY-SA 3.0 via Commons license). 
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1.2.6 Gene flow and migration 
Migration is a movement of individuals or populations in space from one inhabited area into 
another (Jobling et al. 2013). If an individual contributes to the next generation in the new 
location, this event is called gene flow. In context of population genetics, several models are 
used to describe complex processes of migration and subsequent gene flow.  
The simplest model describing gene flow is the n-island model introduced by Wright (1931). 
This model assumes that the metapopulation is divided into a number of sub-populations of 
equal size which exchange genes at equal rate. This model further assumes that none of the 
sub-populations can go extinct, there is no geographical sub-division apart from islands and 
that there are no evolutionary processes like mutation or selection. If assumptions of this model 
are met, the rate of migration m can be directly related to FST: 
��� =
1
1 + 4Nm 
The stepping-stone model is an advanced simulation of gene flow, since it accounts also for 
geographic  distance.  Similarly  to  the  n-island model,  it  assumes  an  even  rate  of migration 
between the sub-populations, but it considers that the islands are arranged into a matrix and 
that  the  gene  flow  occurs  only  between  neighbouring  islands.  This  model  was  further 
developed into the isolation by distance (IBD) model, where the genetic similarity between 
populations  is  a  function  of  dispersal  distances  (Wright  1943).  The  simulations  based  on 
models of gene flow proved that even a small amount of gene flow between populations can 
slow down their genetic differentiation (Wright 1950; Jobling et al. 2013). 
1.2.7 Natural selection 
Natural selection is an evolutionary process in which advantageous genes are more likely to 
be passed to the following generation (and eventually become fixed in the population) as a 
result of greater fitness of the bearer of that trait, while disadvantageous traits are less likely to 
be passed down to the next generation (and eventually become eliminated), since bearer of 
disadvantageous  trait  is  less  likely  to  mate  successfully  and  bring  up  an  offspring  (Darwin 
1872). This mechanism helps populations to get rid of deleterious mutations and to adapt to 
the new environmental conditions and pathogens.  
Selection acts during all stages of life of the individual important to reproduction (based on 
Jobling et al. 2013): ability to survive into reproductive age; ability to attract sexual partner; 
ability to procreate; and number of offspring. 
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1.2.7.1 Purifying selection 
The majority of mutations have deleterious effect and negatively influence function of proteins. 
This is reflected also in the fitness of individuals carrying mutated variant: strongly deleterious 
variants derogate viability of the individual, and the damaging mutation is eventually eliminated 
from the population. This type of selection reduces diversity around conserved regions. 
1.2.7.2 Negative selection 
Some of the standing variation may become disadvantageous under the new environmental 
conditions and consequently undergo negative selection. For example, carriers of blood type 
O are significantly more susceptible to the cholera infection than other blood types. As the 
cholera infection imposes strong selective pressure, the variant coding blood group O was 
negatively selected in the region of delta of river Ganges and nowadays is almost absent in the 
local population (Harris et al. 2008). 
1.2.7.3 Balancing (overdominant) selection 
Balancing selection favours high diversity in locus and acts against fixation of one allele. The 
resulting  genomic  signature  is  high  diversity,  measured  as  high  proportion  of  alleles  with 
intermediate frequency and paucity of low and high frequency alleles. 
Certain mutations are harmful in homozygous state, but on the other hand increase fitness of 
heterozygous  individual.  This  variant  is  under  balancing  selection,  maintaining  equilibrated 
frequencies of ancestral and derived allele in the population. One of the best studied examples 
is  HbS  variant  in  gene  for  haemoglobin  B,  where  hydrophilic  glutamic  acid  is  replaced  by 
hydrophobic valine. This leads to malformation of erythrocytes, which form sickles instead of 
normal round shaped cells. In homozygous state, this disease causes severe anaemia and 
significantly decreases life expectancy, but also confers resistance to malaria. In heterozygous 
state, the malaria resistance is preserved, while causing only mild anaemia, which, in terms of 
fitness, is outweighed by strong advantage of resistance to malaria (Kwiatkowski 2005). This 
convenience  of  heterozygous state  maintains  both  alleles  in  the  population  as  long  as  the 
evolutionary pressure (in this case malaria parasite) is present. 
Another example of balancing selection is a region on chromosome 6 coding major 
histocompatibility  complex  (MHC).  It  is  one  of  the  key  elements  of  the  immune  system  of 
vertebrates.  Molecules  of  MHC  are  responsible  for  binding  of  peptides  extracted  from 
pathogens and displaying them on the cell surface, where these can be recognized by T-cells 
(Janeway et al. 2001). Higher variation in MHC region is advantageous for an organism, as 
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this allows to recognize broader range of pathogens. Hence, the amount of diversity of MHC 
region  in  populations  is  often  correlated  with  diversity  of  pathogens  in  the  area  where  the 
population resides (Prugnolle et al. 2005).  
1.2.7.4 Positive selection 
Variants which enhance fitness of an organism undergo positive selection. This means that the 
variant is likely to gradually increase its frequency in the population. 
1.2.7.4.1 Hard sweep 
A selective sweep is the reduction of haplotype diversity around the region under the positive 
selection (Voight et al. 2006; Pritchard et al. 2010). In case of hard sweep, a new advantageous 
mutation  arises  and  quickly  becomes  frequent  in  the  population.  The  rapid  increase  of 
frequency  prevents  recombination  from  breaking  down  the  haplotype  around  the  selected 
allele. The resulting genomic signature is long-ranging haplotypes and extended haplotype 
homozygosity (Figure 3). 
 
1.2.7.4.2 Soft sweep 
In the process of soft sweep, positive selection acts on variants which have been present in 
the population for some time, the so called standing variation. If there are several 
advantageous alleles, which confer roughly equivalent amount of selective advantage, none of 
these alleles will rapidly reach fixation, but the sum of frequencies of these alleles will increase 
over time (Messer & Petrov 2013). 
Figure 3 – Genomic signature of hard sweep. A new advantageous variant (red) rapidly becomes 
frequent in the population, while increasing frequency of carrying haplotype. This creates the genomic 
signature of long haplotypes and high homozygosity, compared to wild type (blue). Based on Karlsson 
et al. (2014). 
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1.2.7.4.3 Polygenic adaptation 
Polygenic adaptation is the type of response to positive selection when several genes code for 
the selected trait and become selected simultaneously. As a result, all advantageous variants 
of the selected genes will gradually increase their frequency (Pritchard et al. 2010).  
1.2.7.4.4 Genomic regions under recent positive selection 
Within  the last 100,000  years, human populations  have repeatedly  migrated into new 
environments, what required extensive adaptations to a wide range of different climates, diet 
and pathogens (Voight et al. 2006; Sabeti et al. 2007). Additionally, the onset of farming ~8 ka 
ago brought a radical change in lifestyle, as farmers had to face pathogens transmitted from 
domesticated animals and important changes in diet (Diamond 1997). The availability of next-
generation sequencing data is allowing to investigate signals of positive selection in numerous 
modern and ancient populations at the genome-wide level, and pointing out candidate genes 
for selection (Pritchard et al. 2010; Mathieson et al. 2015). In this sub-chapter we present some 
of the well-known examples. 
1.2.7.4.4.1  Lactase persistence (LCT) 
Human ability to digest sugar present in fresh milk (lactose) is determined by the production of 
an enzyme lactase-phlorizin hydrolase, which splits the molecule of disaccharide lactose into 
two  simple  sugars:  glucose  and  galactose  (Vesa  et  al.  2000).  This  enzyme  is  normally 
expressed in brush cells in the small intestine by infants. After the weaning, the production of 
lactase enzyme is usually inhibited. However, some populations with tradition of pastoralism 
and fresh milk consumption have high proportion of individuals who retain an ability to produce 
the lactase enzyme also in adulthood (lactase persistence, Tishkoff et al. 2007). This gives 
them  an  evolutionary  advantage  over  the  lactase  non-persistent  individuals,  since  lactase 
persistent individuals can exploit fresh milk as a source of nutrients. Lactase persistence is 
prevalent  in  Europe  (mainly  Northern),  Arabia,  Central  Asia  and  East  and  West  Africa 
(Figure 4).  It  has  been  shown,  that  lactase  persistence  is  associated  with  several  point 
mutations upstream the LCT gene: G-22018 and T-13910 in European populations and  C-
14010,  G-13907  and  G-13915  in  East  Africa  (Ranciaro  et  al.  2014).  Extensive  association 
studies in Africa and Europe revealed, that European and African variants determining lactase 
persistence  lie  on  different  haplotype  backgrounds  and  result  from  convergent  evolution 
(Tishkoff et al. 2007). LCT region was identified as one of the strongest signals of positive 
selection in the human genome: in populations where LCT was selected, variants involved in 
LCT persistence sit on unusually long and frequent haplotype (Voight et al. 2006; Sabeti et al. 
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2007). 
 
1.2.7.4.4.2  Light skin color in Europeans 
Skin color is determined by the density and size of melanosomes, vesicular objects filled with 
the pigment melanin, present in the upper layer of skin. Pigmentation of skin plays an important 
role  in  absorption  of  the  high-energy  UV  rays,  which  cause  harm  to  the  different  cellular 
structures, e.g. cause DNA damage and induce malignant mutations (Bernstein et al. 2002). 
The level of pigmentation in the human populations correlates with the amount of UV radiation 
in the area. It has been proposed that light skin color in higher latitudes facilitates the synthesis 
of vitamin D, which regulates calcium absorption and calcium levels in bones (Dawson-Hughes 
et al. 1995). In the European populations, skin color is largely determined by variation in two 
genes from the solute carrier family: SLC24A5 and SLC45A2. SLC24A5 mediates production 
of  melanin  through  regulation  of  calcium  in  melanocytes,  while  SLC45A2  plays  a  role  in 
processing melanin precursors (Jablonski & Chaplin 2000). Both these genes have been under 
strong positive selection in Europe (Voight et al. 2006; Pritchard et al. 2010; Mathieson et al. 
2015), as indicated by the following evidence: high FST scores, high derived allele frequency 
and  extended  haplotype  homozygosity.  The  exact  place  and  time  of  origin  of  the  selected 
derived  alleles  in  SLC24A5  and  SLC45A2  is  not  clear.  Analysis  of  ancient  DNA  samples 
revealed that West-European hunter-gatherers living between 7-8 ka had ancestral alleles in 
both genes and therefore dark skin. However, Swedish hunter-gatherers from the roughly same 
time period already had derived alleles, and presumably had light skin. In samples from the 
Figure 4 - Interpolated frequency of lactase persistence phenotype around the Old World. Image 
adapted from Gerbault et al. (2011). 
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Neolithic farming populations, the derived variant in SLC24A5 has been identified as frequent 
(nearly fixed), but only low to intermediate frequencies of the derived variant in SLC45A2 were 
detected (Mathieson et al. 2015).  
1.2.7.4.4.3  Duffy antigen system 
Duffy antigen chemokine receptor (DARC, CD234) is a non-specific receptor on the surface of 
erythrocytes.  It  is  also  the  receptor  for  Malaria  vivax  parasite.  Duffy  system  has  three 
codominant alleles: FY*A, FY*B and FYES. The FYES allele denotes Individuals homozygous for 
FYES allele that do not express DARC receptor on the surface of erythrocytes and hence are 
resistant to infection by Malaria vivax (Jobling et al. 2013). This gives carriers of Duffy-null 
blood group strong advantage, and led to nearly-fixation of the FY ES allele in Sub-Saharan 
Africa  (Nickel  et  al.  1999;  Howes  et  al.  2011,  Figure  5).  The  disadvantage  of  Duffy-null 
phenotype  is  that  carriers  of  this  phenotype  are  more  prone  to  be  infected  by  HIV-1  virus 
(Kulkarni et al. 2009; Ramsuran et al. 2011). 
 
1.2.7.4.4.4  Bitter taste receptors 
The ability to detect inedible or poisonous compounds in food is an important prerequisite of 
successful survival, especially in a new environment with previously unknown species of plants 
and  animals.  In  mammals,  this  ability  is  mediated  by  olfactory  and  taste  receptors,  which 
evaluate  chemical  properties  of  ingested  food.  In  this  context  it  is  particularly  relevant  the 
perception of bitter taste, a common attribute of various inedible plant substances such as 
glycosides or alkaloids (Li & Zhang 2014).  
Figure 5 - Worldwide distribution of Duffy-negative phenotype. Besides sub-Saharan Africa, Duffy-
negative phenotype is present in Arabian Peninsula and in some areas of South America. Adapted from 
Howes et al. (2011). 
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The bitter taste is mediated by seven transmembrane receptors, coded by 43 members of the 
TAS2R  gene  family  on  chromosomes  7  and  12.  The  TAS2R  genes  located  on  the  same 
chromosome are often very similar, which indicates series of duplication events in the evolution 
of  this gene family  (Fischer  et  al.  2005;  Bachmanov  &  Beauchamp  2007). The  bitter taste 
receptors are expressed on taste buds in the oral cavity, but also in parts of the respiratory 
tract,  suggesting  a  pleiotropic  function  of  this  gene  family,  probably  linked  to  the  innate 
immunity (Deshpande et al. 2010; Lee & Cohen 2014). 
Scans for positive selection revealed strong signal on several members of TAS2R gene family 
in Africa and Eurasia, although the pattern of selection acting on the taste receptors is different 
between populations (Wang et al. 2004; Li & Zhang 2014). For example, TAS2R16 gene coding 
for  sensitivity  to  the  bitter  compound  salicin  has  been  shown  to  be  under  strong  positive 
selection in East Africa (excess of derived allele), but under purifying selection in West and 
Central Africa (absence of non-synonymous mutations in ancestral haplotype). While in East 
African populations the derived variant 516-T which codes for ability to taste salicin is more 
common, in West and Central Africa, the ancestral variant 516-G which determines the non-
tasting haplotype is more prevalent. The Fulani population from Cameroon is an interesting 
exception that, despite being a Central African population, exhibits strong signal of positive 
selection  on  TAS2R16  and  also  the  allele  frequencies  are  similar  to  those  in  East  African 
populations (Campbell et al. 2014). 
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1.3 Analysis of genetic diversity in genome-wide data 
1.3.1  FST statistics 
FST is  a  common  statistics  widely  used  as  a  measure  of  genetic  diversity  found  within 
subpopulations compared to the total population (Jobling et al. 2013). FST ranges between 0 
and 1 and can be inferred from the genetic diversity data by several methods. Usually FST is 
computed as: 
��� =
�� − ��
��
 
where  HT  is  the  expected  heterozygosity  of  the  whole  population  and  HS  is  the  expected 
heterozygosity in the subpopulations. Pairwise FST can be also used as a measure of genetic 
distance, in this case it is defined as: 
��� =
��
�(1 − �) 
where p is the mean and Vp is the variance of the gene frequencies between the populations. 
According  to  published  guidelines,  FST  values  in  terms  of  genetic  differentiation  should  be 
interpreted as follows: less than 0.05: little genetic differentiation; 0.05-0.15: moderate; 0.15-
0.25 great; more than 0.25: very great (Wright 1965). 
Pairwise FST can be visualized either as a Manhattan plot, showing FST values separately for 
each SNP, or as a heat map, showing mean FST between pairs of populations (Figure 6). The 
Manhattan plot representation is useful in the identification of variants highly divergent between 
populations, for example in selection studies, while the heat map gives us information on the 
overall genetic similarity between the studied populations. 
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1.3.2 Principal component analysis 
Principal component analysis (PCA) is a statistical method for reduction of multi-dimensional 
data into a certain number of vectors while preserving as much information as possible. The 
method  is  based  on  the  identification  of  correlated  vectors  and  in  transforming  them  into 
principal components (eigenvectors), which capture the main trends in data. The weight of 
individual eigenvectors is expressed by the eigenvalue, which is proportional to the amount of 
variance explained by the respective eigenvector. For visualization of population structure, it is 
usually  used  the  combination  of  the  first  three  PCs:  PC1  vs  PC2  and  PC1  vs  PC3. 
Nevertheless, remaining eigenvectors may contain an important amount of information as well, 
and the distribution of eigenvalues needs to be considered. 
1.3.3 Clustering methods STRUCTURE and ADMIXTURE 
Model based clustering methods use the prior assumption of a defined number (K) of source 
populations with characteristic sets of allele frequencies. The ancestries of all individuals in the 
data  set  are  then  inferred  as  a  composition  of  K  modeled  source  populations.  The  model 
assumes no linkage disequilibrium (implying pruning the genome-wide datasets for LD) and 
complete Hardy-Weinberg equilibrium within populations. The algorithm then aims to assign 
every allele in every individual to its putative origin from the source populations. This specifies 
the probability distribution of the model: 
Pr(X| Z, P) 
where X is the observed genotype, Z is the putative origin of allele and P is the allele frequency 
Figure 6 - Visual representations of FST values. a) Manhattan plot of FST values for each SNP; b) heat 
map of mean FST values between pairs of populations. 
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in assigned source population. Parameters Z and P are decided randomly at the beginning of 
computation and then updated after every iteration of the Markov Chain Monte Carlo (MCMC) 
until the algorithm reaches the convergence criteria (Pritchard et al. 2000; Alexander et al. 
2009). 
The accuracy of the model fit to the data can be decided by the value of cross-validation (CV) 
error. In the cross validation procedure, a subset of individuals is not used for inference of the 
model parameters and these unobserved samples are used for estimation of accuracy of the 
model parameters. 
1.3.4 Admixture dating methods 
Admixture between genetically divergent populations creates patterns of long-range admixture 
linkage  disequilibrium  in  admixed  populations.  Due  to  meiotic  recombination,  the  length  of 
these ancestral tracts becomes shorter with every successive generation. The algorithm of 
ROLLOFF (Moorjani et al. 2011) examines the decay of correlation between difference in allele 
frequency and LD between source populations. The observed correlations are used for fitting 
the exponential distribution, which is solved as a function of time and provides the estimation 
of time in generations that elapsed since the admixture took place.  
1.3.5 Genome wide association study 
A  genome  wide  association  study  (GWAS)  aims  to  identify  variants  associated  with  a 
disease/phenotype based on the information retrieved from characterizing a high amount of 
SNPs distributed across the whole genome. The design of GWAS is based on the statistical 
comparison  of  genotypes  between  case  and  control  groups.  The  case  group  is  made  by 
individuals carrying the studied trait (e.g. disease phenotype), while the control group includes 
individuals without the trait. In order to avoid spurious results, both groups must be precisely 
matched in terms of age, sex and ancestry background. The algorithm compares the difference 
of allele frequencies between cases and controls and assigns a p-value to every SNP. Because 
every SNP is tested independently, the power of GWAS studies is limited by the large testing 
burden. This needs to be addressed by appropriate correction of p-values, otherwise false 
positive associations could be reported. The most conservative is Bonferroni correction, where 
the corrected statistical significance corresponds to uncorrected statistical significance level 
(usually 0.05) divided by the number of independent tests (Jobling et al. 2013). As chips used 
currently in GWAS have thousands or millions of SNPs, the significance threshold is usually 5 
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x 10-8 (Clarke et al. 2011).  
GWAS studies conducted on various complex diseases revealed that the effect of a single 
locus on the disease phenotype is usually weak and a large number of samples is required in 
order to obtain p-values reaching the genome-wide threshold. The power of the GWAS can be 
increased by meta-analysis of data sets from independent studies. However, this approach 
contains several setbacks, as this usually requires merging data typed on different genotyping 
platforms  with  different  set  of  SNPs.  In  addition,  sampled  groups  might  have  different 
geographic origin, different case and control screening for studied trait, etc. Poor overlap of 
typed  variants  between two  studies  is  usually  improved  by  imputation of missing  SNPs  by 
inference from haplotype structure of reference panel, typically HapMap (Hastie et al. 2012). 
However,  imputation  has  limitations,  especially  when  populations  analyzed  are  not  well 
characterized.  This  is  especially  important  in  African  populations,  for  which  the  amount  of 
complete genomes available poorly represents the high level of genetic diversity within this 
continent. The standard visualization of GWAS results is a Manhattan plot (Figure 7a), where 
every tested SNP represented by a point: the X coordinate represents the physical position in 
chromosome  and  the  Y  coordinate  represents  the  p-value  usually  in  -log(10)  scale.  The 
distribution of p-values is routinely plotted into Q-Q (quantile-quantile) plot, where the Y axis 
represents  the  observed  p-values  and  the  X  axis  represents  the  p-values  expected  under 
uniform distribution (Figure 7b). The region with highest p-values can be plotted in LocusZoom 
(Pruim et al. 2010), which allows the visualization of associated SNPs in context of genes and 
recombination rate surrounding the associated loci (Figure 7c). A weak point of GWAS studies 
is that the SNP chips contain only common variants and therefore fail to identify association on 
rare variants. Some phenotypic traits are known to be heritable, but variants found by GWAS 
can explain only fraction of its heritability. Although the reason for this “missing heritability” is 
unknown,  it  has  been  suggested  that  the  explanation  (among  others)  might  involve  rare 
variants not represented in SNP chips, DNA methylation and RNA editing (Eichler et al. 2010). 
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1.3.6 Admixture mapping 
Mapping of admixture LD is an approach frequently used in investigation of ancestry-related 
complex  diseases  in  recently  admixed  populations,  at  the  genome-wide  level.  The  basic 
assumption of admixture mapping is that the genetic variant responsible for the investigated 
phenotype trait is population-specific and is surrounded by the admixture LD (Winkler et al. 
2010).  Admixture  mapping  statistically  evaluates  differences  in  local  ancestry  along  the 
chromosome  between  case  and  control  groups  (Figure  8).  An  important  advantage  of 
admixture mapping is a considerably lower testing burden, because admixture blocks typically 
span across a considerable number of SNPs and therefore fewer tests are needed (Montana 
& Hoggart 2007). 
Figure 7 - Graphical representation of GWAS results. (a) Manhattan plot. (b) Quantile-quantile plot. 
(c) Locus Zoom. Images from Dengue study presented in this work. 
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Figure 8 – Graphic representation of results of admixture mapping. Each horizontal bar represents 
portion  of  chromosome.  Red  color  represents  African  ancestry  tracts,  blue  represents  European 
ancestry  tracts.  The  candidate  region  (highlighted  by  vertical  lines)  will  have  a  significantly  higher 
amount of one ancestry (in this case, African) when comparing cases and controls. 
 
Figure  5  -  Language  families  in  Africa.  Adapted  from  "African  language  families  en"  by  Mark 
Dingemanse. Licensed under CC BY 2.5 via Wikimedia Commons.Figure 6 – Graphic representation 
of results of admixture mapping. Each horizontal bar represents portion of chromosome. Red color 
represents  African  ancestry  tracts,  blue  represents  European  ancestry  tracts.  The  candidate  region 
(highlighted by vertical lines) will have a significantly higher amount of one ancestry (in this case, African) 
when comparing cases and controls. 
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1.4 Worldwide population structure 
1.4.1 Genetic structure of human populations 
The  history  of  the  human  species  is  reflected  in  the  overall  genetic  diversity  harboured  in 
populations.  The  evolutionary  approach  enables  us  to  reconstruct  the  early  movements  of 
human populations, even when the archaeological evidence is sparse or non-existent. This is 
possible thanks to the specific signature which various historical events (e.g. rapid change in 
population  size  or admixture with  other populations) leave  in  the  genetic structure  of 
populations and which can be addressed by statistical approaches. Genetic structure between 
populations  arises  from  accumulation  of  genetic  variability  from  random  mutations  and 
decrease  of  gene  flow  between  populations  as  geographic  distance  increases.  Genetic 
structure is further shaped by evolutionary forces, in particular by natural selection and genetic 
drift. The biogeography of Homo sapiens is determined by several key demographic events 
and migrations, which founded the genetic structure of human populations as we know it today. 
1.4.2 Out of Africa 
Anatomically modern humans emerged ~150-200 ka in East Africa and for several tens of 
thousands  of  years,  Homo  sapiens  lived  in  small  groups  (Newman  1995).  Fossil  evidence 
shows that anatomically modern humans were present in the Near East ~ 100-130 ka, but 
these early expansions did not persist. Studies of mitochondrial DNA suggest, that the first 
successful Out of Africa migration probably happened only 61-65 ka (Fernandes et al. 2012). 
Anatomically  and  behaviorally  modern  humans  reached  Australia  around  50  kya, Western 
Europe  around  41  ka  and  China  around  39  ka  (Jobling  et  al.  2013).  This  expansion  was 
facilitated by low sea level, especially in South-East Asia, where the large biogeographic region 
Sunda and Australia with Papua and Tasmania were connected in one landmass called Sahul 
(Soares et al. 2008). In fact, during the Pleistocene period the sea level was approximately 120 
meters below current level as a result of climatic conditions of glacial maximum, during which 
huge portion of Earth's water was trapped in extensive ice caps (Ehlers & Gibbard, 2003).  
America was the last habitable continent to be settled by humans. Some authors proposed that 
approximately  around  18 kya,  a group  of migrating  humans  crossed Beringia  straight from 
North-East  Asia  and  began  colonization  of  Americas  (Goebel  et  al.  2008).  Recent  whole-
genome studies demonstrated that native Americans descend from at least three colonization 
waves from Asia (Reich et al. 2012), although the exact dating of the migration waves remains 
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uncertain.  
1.4.3 Population structure of Africa 
Population structure of Africa is the most complex out of all continents. This is caused mainly 
by the fact that modern human species evolved in Africa and also accumulated the major part 
of the diversity observed worldwide. 
1.4.3.1 Archaic hunter-gatherers 
Most  archaic  populations  living  in  Africa  are  groups  of  hunters  and  gatherers,  sparsely 
distributed in regions of Central, East and South Africa.  
Central Africa is home to populations of rainforest hunter-gatherers (RHG), often referred as 
“pygmies”. Beside the forest-dwelling subsistence, RHG populations are characterized also by 
typical short-stature phenotype: the average height of adult male is below 150 cm. This extreme 
phenotype is probably caused by several underlying genetic factors, in particular by the low 
expression of growth hormone receptors (Bozzola et al. 2009). It has been suggested that the 
short stature might be an evolutionary adaptation for the environment of dense tropical forest, 
and this hypothesis is supported by studies which observed patterns of selection on height-
related  genes  in  RHGs  (Mendizabal  et  al.  2012;  Migliano  2013).  Populations  of  RHG  are 
subdivided into two main branches: East and West RHG. The East branch of RHG comprises 
(among others) Mbuti, Batwa and Bakinga, who reside in Democratic Republic of Congo (DRC) 
and Uganda. Members of Western RHG populations are Bakola (Cameroon), Baka 
(Cameroon)  and  Biaka  (Central  African  Republic)  (Patin  et  al.  2014).  The  West  and  East 
branches of RHGs have been separated for a long time, around 20-30 ka (Patin et al. 2009). 
South African San and East African Hadza and Sandawe speak click languages. Mitochondrial 
and Y chromosome lineages found in these groups occupy basal position in the phylogenetic 
tree of uniparental markers, indicating that click-language speakers are older than any other 
existing human population (Semino et al. 2002). Despite the millennia-long gene flow between 
hunter-gatherer populations and agriculturalists, they retained a unique genetic composition, 
distinct  to  all  other  African  populations  (Henn  et  al.  2011).  Although  anthropological  and 
linguistic links between these populations is dubious, the genome-wide studies confirmed that 
these populations are genetically related (Pickrell et al. 2012). 
1.4.3.2 Bantu speakers 
The major population cluster in Africa belongs to Bantu-speakers (Figure 9). Bantu is a sub-
branch of Niger-Congo languages, widely spoken in all regions of Africa south of equator. The 
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expansion of Bantu speakers to the East and South Africa began approximately 5 kya. From 
the source between Cameroon and Nigeria, two streams of Bantu expansion originated: one 
followed the western African coast southwards, while the other headed eastwards, towards the 
region of the Great Lakes and then southwards along the eastern African coast (Plaza et al. 
2004; Tishkoff et al. 2009). The Bantu expansion changed dramatically the population structure 
of  Africa  by  replacing  important  portions  of  diversity  present  in  Central  and  South  Africa, 
although some admixture  with  autochthonous  populations occurred along  the wave  of 
dispersion. For example, the East African population Luhya is a Bantu speaking population 
which migrated to East Africa and admixed with East African populations, while maintaining 
Bantu  language,  and  to  a  large  extent,  also  Bantu  (West  African)  genetic  composition 
(Gurdasani et al. 2015). 
1.4.3.3 Eurasian influence in East and North Africa 
The population structure of East Africa has been heavily influenced by extensive contacts with 
Near East. Eurasian ancestry has been identified in almost all of the East-African populations 
studied so far. Although the exact source of Eurasian ancestry in East Africa is unclear, the 
gene flow had been probably quite extensive, as Eurasian ancestry reaches up to 50% in some 
Ethiopian populations (Pickrell et al. 2014). Back-to-Africa migrations followed by admixture of 
African and non-African populations probably happened during several independent events: 
first as early as the Last Glacial Maximum (LGM; Hodgson et al. 2014; our results presented 
in this work) followed by the Neolithic expansion from the Near East (our results; Arredi et al. 
(2004)). Early admixture has been confirmed also by a sequence of an ancient genome from 
an  Ethiopian  man  who  lived  approximately  4,500  years  ago:  the  genome  of  this  individual 
contained  substantial  amount  of West  Eurasian  ancestry,  similar  to  early  Neolithic  farmers 
(Llorente et al. 2015). 
 
The North African region has been populated during successive migration waves (Henn et al. 
2012). As documented from the maternal gene pool, the initial settlement occurred 
approximately  40  ka  during  the  Back-to-Africa  migration  from  the  Near  East  (Olivieri  et  al. 
2006), followed by West Eurasian lineages that entered North Africa roughly at the end of LGM 
at 14 ka (Harich et al. 2010) and Near East populations that reached North Africa during the 
Neolithic (Arredi et al. 2004). These Back-to-Africa migrations gave rise to autochthonous North 
African populations like Berber in Morocco or Mozabite in Algeria. The gene pool of North Africa 
was later reshuffled by Arabs, who invaded North Africa in 7 th century AD and held the rule 
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over  the  territories  until  the  rise  of  European  colonialism.  Arabs  maintained  vivid  trade 
connections with West Africa, which included also slave trade, through trans-Saharan routes. 
Thus, West African mitochondrial lineages are still present in North Africa as a result of sex-
biased mating, typical for slave trading in other regions of the globe (Henn et al. 2012). Shortly 
after the Arab expansion, Islam was adopted by autochthonous Saharan populations and later 
spread to West and Central Africa. 
1.4.3.4 Sahel migration corridor 
Sahel is an ecoclimatic zone in the transition between Sahara and savannas. It was established 
around 4,000 years ago, when climatic change in Africa fostered desertification of the Sahara. 
It  spans from  the  Red Sea  to the  Atlantic  coast,  with  a  total  length  around  5,400 km.  The 
average altitude of Sahel is between 200 and 400 meters with restricted mountain ranges. The 
relatively flat topography and the less extreme climate compared to Sahara made Sahel a 
convenient migration corridor in Africa. 
Two  different  subsistence  systems  co-exist  in  the  Sahel  region:  sedentary  farmers  and 
nomadic pastoralists. The earliest archaeological evidence of pastoralist subsistence in Africa 
comes from Central and Eastern Sahara (Wendorf et al. 1984; Mohammed-ali & Khabir 2003). 
From  there  nomadic  pastoralists  expanded  to  Sahel  during  Middle  to  Late  Holocene.  The 
nomadic life style of pastoralists results from climatic conditions of Sahel, characterized by long 
and dry periods interrupted by short rainy seasons. During the wet season, the southern fringe 
of  Sahara  becomes  a  suitable  pasture  for  grazing  the  cattle.  After  the  short  rainy  season, 
herders must seek for pastures in wetter regions in the southern part of Sahel (Bučková et al. 
2013). Sahel is one of the few regions, where the nomadic pastoralist subsistence is practiced 
until present day. The largest pastoralist group in Sahel is Fulani (also called Fulbe or Peul) 
people. The Fulani population probably originated from a Saharan population around 5 kya. In 
the 11th century AD, groups of Fulani settled and founded the kingdom Tekrur at Senegal river 
(Cerný et al. 2006). Fulani speak Fulbe language, which belongs to the Atlantic branch of Niger-
Congo languages. Although originally nomadic, many of them are nowadays sedentary and 
live in urban areas. Despite being one of the biggest ethnic groups in West Africa, Fulani are a 
minority in all West African countries. The genetic composition of Fulani is derived from West 
African background similar to Wolof and Mandinka from Senegal, with an important proportion 
of Eurasian ancestry (Gurdasani et al. 2015). Eurasian genetic ties are apparent also in the 
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maternal  gene  pool  of  Fulani,  where  West-Eurasian  haplogroups  U5,  H,  J1b  and  V  were 
reported (Cerný et al. 2006). 
More nomadic pastoralist groups are found in central and eastern part of Sahel. In northern 
Chad around the Lakes of Ounianga live the semi-nomadic herders Daza (Podgorná et al. 
2013), in northern Kenya around the Lake Turkana live the semi-nomadic pastoralists Samburu 
and Turkana. 
As indicated by paleobotanical records, farming is in Sahel region more recent than pastoralism 
(Neumann 2003). Farmer populations are dispersed along southern and wetter parts of Sahel 
and exchange products with pastoralists, although intermarriage is not common and gene flow 
is limited (Cerný et al. 2011). 
1.4.4 Colonization of Europe 
The demographic history of Europe depended largely on climatic conditions on the continent 
after the Out of Africa expansion. Pleistocene climate was characterized by recurrent cycles of 
cold  glacial  stages  and  warm  interglacials  with  periods  of  about  100  kya.  While  warm 
interglacial periods were relatively short and typically more temperate, during the glacial stages 
the ice sheets advanced, sea levels and precipitation dropped and average temperatures were 
considerably lower than today (Figure 10). 
Figure  9  -  Language  families  in  Africa.  Adapted  from  "African  language  families  en"  by  Mark 
Dingemanse. Licensed under CC BY 2.5 via Wikimedia Commons. 
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After the warm interstadial event ~110-130 kya, the temperatures were declining and reached 
the minimum values during LGM 23-14 kya, when sea levels were ~ 120 below present level 
and most of North Europe was covered by extensive ice sheets. As most of the ice-free Europe 
was covered by polar desert, there were only few locations hospitable for temperate biota. 
These areas known as glacial refugia bear distinguished milder (micro) climatic characteristics 
such as higher precipitation and higher temperatures. The most important glacial refugia were 
located  in  Mediterranean  peninsulas  (Iberia,  Italia  and  Balkans),  but  there  is  also  a  good 
amount of evidence for presence of smaller refugia in south-facing valleys of Alps (Rodríguez 
et al. 2009) and Carpathians (Sommer and Nadachowski 2006), valley of river Rhone (Michaux 
et al. 2004) and Crimean peninsula (Sommer and Benecke 2005). 
Genetic evidence suggests that East Asian population and West Eurasian diverged ~45-36.2 
ka  (Fu  et  al.  2014;  Seguin-Orlando  et  al.  2014).  Archaeological  records  document  human 
presence in Europe as early as 40 ka (Jobling et al. 2013). The European Paleolithic population 
was limited by resources produced by hunting and gathering and the climatic conditions, which 
were not favourable until the end of LGM. This population only started to grow at the end of 
LGM when humans expanded from glacial refugia and began to colonize northern latitudes of 
Europe. Clinal pattern in Y chromosome haplogroups R1b1b2 and R1a1 observed in European 
modern populations is linked to post-glacial expansion from Iberia and Ukraine, respectively 
(Wei et al. 2013). 
  
Figure 10 – Fluctuations of ice volume and surface temperature during the Pleistocene glacial 
cycles. Image based on Petit et al. 1999. Original image: "Ice Age Temperature". Licensed under CC 
BY-SA 3.0 via Wikimedia Commons. 
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Nevertheless,  ancient  DNA  data  from  several  Neolithic  burial  sites  suggest,  that  there  is 
discontinuity in Y chromosome lineages between Neolithic and modern populations, and that 
the spread of R1a1b2 haplogroup can be more recent (Jobling et al. 2013). Evidence from 
mitochondrial DNA points to repopulation from the Iberian refugium (Pereira et al. 2005) and 
the Near East (Pala et al. 2012). 
About 10,200 years ago Near Eastern populations started the practice of farming subsistence 
system. This major cultural novelty was initially supposed to be followed by a large migration 
of farmers, and around 9000 years ago the first farmers from the Near East arrived in Europe 
and started its Neolithic transformation (Barbujani et al. 1998). From Greece, the migration of 
first farmers seems to have followed two streams: one into southeast Europe and second along 
the  Mediterranean  coast.  The  expansion  continued  for  approximately  3,000  years,  until 
Neolithic farmers reached British islands around 6,000 years ago (Jobling et al. 2013). 
Around  4500  years  ago  a  massive  wave  of  steppe  herders  of  Yamanaya  culture  migrated 
westwards from the Caspian region, replacing Neolithic populations present in Central Europe. 
Yamanaya people admixed with Central and North Europeans and led to formation of Bronze 
Age cultures like Corded Ware culture, Únětice culture.  The fact that these cultures exhibit 
negative f3 admixture values supports a direct genetic link between Yamanaya people and 
latter West and Central European Bronze Age cultures (Allentoft et al. 2015). On the contrary, 
influence of steppe expansion had very limited or no effect in South Europe. For example, 
modern Sardinians appear to be genetically similar to Neolithic farmers from Italy, without any 
evidence of steppe ancestry (Allentoft et al. 2015). Thus, current European gene pool consists 
of at least three different ancestries: West European hunter-gatherers, Near Eastern Neolithic 
farmers  and  ancient  North  Eurasians.  Proportions  of  two  of  these  ancestries  show  clinal 
pattern: ancestry of early European farmers is strongest in Mediterranean reaching 90% and 
weakest in Baltic (30%). Western European hunter-gatherer ancestry is not present in Near 
East, however the ancient North Eurasian ancestry reaches up to 29% in Caucasus (Lazaridis 
et al. 2014). Yamnaya component is strongest in Northwest Europe and declines with latitude, 
while Neolithic component increases, reaching maximum at Sardinia (Haak et al. 2015). The 
resulting  population  structure  in  Europe  therefore  mirrors  the  geographic  distribution  of 
populations,  where  neighbouring  populations  are  genetically  related  and  genetic  distance 
increases more along north-south axis compared to east-west axis (Novembre et al. 2008). 
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1.4.5 Asia 
Human migration into Asia started shortly after the Out of Africa migration. Modern humans 
moved along the coast of Indian Ocean and through Southeast Asia, which was colonized 
approximately around 50-55 ka. By the 40 ka, the fully modern humans spread to most of the 
Old World including Europe, Central and East Asia and South Siberia.  
Migration of modern humans through Southeast Asia was facilitated by the fact that this region 
was organized into a landmass called Sunda because of the low sea level during the glaciation 
cycle. When the temperature on Earth increased at the end of Last Glacial Maximum, around 
15 ka, the sea level started to rise and turned Sunda landmass into the numerous archipelagos 
of Island Southeast Asia (Hewitt 2000). This flooding of landmass later triggered large-scale 
migrations in the region, leading to the Austronesian expansion  which completely changed 
population structure in Southeast Asia (Soares et al. 2008). 
1.4.6 Americas 
1.4.6.1 South America 
The  displacement  of  approximately  11  million  Africans  to  American  colonies  together  with 
centuries-long immigration of European settlers shaped the demography of the New World 
after 1492. After abolition of slavery, populations in colonies gradually became mixtures of 
indigenous Native American populations, Europeans and descendants of enslaved Africans. 
Contributions  of  African  and  Native  American  men  and  women  to  the  genetic  pool  of  the 
colonial populations were not equal. Excess of maternal and lack of paternal African and Native 
American lineages points to strong mating biases in American colonial populations (Batista dos 
Santos et al. 1999). For example, in Brazil, the social policy between 17 th and 20 th centuries 
encouraged the marriage of Afro-Brazilian and Native American women with European men 
(Mörner 1967), while the low social status of men of Native American and African descent 
limited their access to women and marriage. The disproportion between paternal and maternal 
lineages of African and Native American origin in Brazilian population has been repeatedly 
documented (Table 1), but the same pattern of mating bias was observed also in Colombia 
(Carvajal-Carmona  et  al.  2000,  Bedoya  et  al.  2006)  Argentina  (Salas  et  al.  2008),  Cuba 
(Mendizabal et al. 2008) and Venezuela (Bortolini et al. 1999). 
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Table 1 - Ancestry of uniparental markers in Brazilian population. 
European African Native 
American 
region marker reference 
57.9% 25.3% 16.8% Rio de Janeiro mtDNA Bernardo et al. 
2014 
38.9% 27.9% 33.2% Brazil, all regions mtDNA Alves-Silva et al. 
2000 
27.6% 35.2% 36.9% Southeastern 
Brazil 
mtDNA Fridman et al. 
2014 
97.5% 2.5% 0% Brazil, all regions Y chromosome Carvalho-Silva et 
al. 2001 
88.1% 7.9% 4% Rio de Janeiro Y chromosome Silva et al. 2006 
 
Since the ancestry inferred from uniparental markers is highly biased in Latin America, the 
ancestral proportions inferred from autosomal genome-wide SNP data provide a better picture 
of  the  genetic  structure  of  the  populations.  Analysis  of  genomic  ancestry  across  different 
Brazilian  states  revealed  homogenous  pattern  in  the  distribution  of  ancestries:  European 
ancestry  dominated,  ranging  between  60.6%  and  77.7%;  African  ancestry  accounted  for 
12.7%-30.3%; and Native American for 9.1%-19.4% (Pena et al. 2011).  
In former Spanish colonies of Latin America that were not so heavily influenced by slave trade, 
like Mexico, Colombia and Ecuador, the African component is generally low (less than 10%) 
and populations are typically composed of Native American and European ancestries, where 
European ancestry on average accounts for ~40-60% and Native American for ~30-50% of 
total  autosomal  ancestry  (Bryc  et  al.  2010b).  Outside  this  pattern,  stands  locations  like 
Mendellin in Colombia and Central Valley in Costa Rica, where high amounts of European 
ancestry  (more  than  60%  on  average)  were  documented,  and  on  the  contrary,  Salta  in 
Argentina or Lima in Peru with more than 60% of Native American ancestry (Wang et al. 2008, 
1000 Genomes Consortium 2015). Even higher levels of Native American ancestry ranging up 
to 86% were documented in Bolivians from La Paz (Heinz et al. 2013) and isolated populations 
of Native Americans like Xavante, Suruí or Karitiana, which still have very low levels of genetic 
admixture (Kuhn et al. 2012; Reich et al. 2012). 
1.4.6.2 Caribbean 
Because the majority of the enslaved Africans were disembarked in the Caribbean, this region 
has also the highest amounts of African ancestry in America, although the distribution is highly 
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heterogeneous: while Puerto Rico and some regions of Cuba have only around 20% of African 
ancestry, in Haiti, Jamaica and Saint Thomas, the African ancestry ranges between 80 and 
90% (Benn-Torres et al. 2008; Wang et al. 2008). Native American ancestry in the Caribbean 
islands is low, because the indigenous population of the islands was exterminated soon after 
the colonization. 
Besides  the  general  effect  of  three-population  admixture  pattern  throughout  all  the  Latin 
America, Trans-Atlantic slave trade (TAST) gave rise to several very unique populations of 
African descendants, who escaped from their slave masters and founded free communities of 
Marrón, usually in inaccessible areas like mountains or deep tropical forest. Although Marrón 
often intermarried with local Native Americans and adapted some kind of creole language, a 
mixture of European and African languages, Marrón were able to preserve their original African 
culture, including religion and traditions (Diouf 2014). 
The first Marrón communities originated in Jamaica in the 17 th century, and later on also in 
Haiti, Cuba, Puerto Rico, Suriname and Brazil. Only a few Marrón communities survived to 
present day, mostly located in French Guyana and Suriname, together accounting 
approximately to 50 000 people. These communities preserved high levels of African genetic 
ancestry, both on maternal and paternal side (Brucato et al. 2010). In addition, African ancestry 
of Marrón people can be traced also to the African strains of human specific viruses Marrón 
people harbour (Martel-Jantin et al. 2014). 
1.4.6.3 USA 
According to historic records more than 305 thousands of Africans were disembarked in British 
North America, present day United States, mainly during the course of 18th and 19th centuries 
(Eltis  &  Richardson  2010).  Communities  of  enslaved  Africans  worked  primarily  on  sugar, 
tobacco  and cotton  plantations  in  southern  states  until  December  1865, when  slavery  was 
abolished  throughout  the  United  States.  Nowadays,  approximately  42  million  self-reported 
African Americans live in the United States (Rastogi et al. 2011). Their genetic ancestry is on 
average 78% West African, 19% European and 3% Native American, although there is large 
variation within individuals (Bryc et al. 2010a). The highest amounts of African ancestry were 
observed in African Americans from southeast states of Florida, South and North Carolina, 
Georgia and Alabama. Some of the African Americans have also traceable amounts of Native 
American ancestry, in particular in Oklahoma, where many Native American populations were 
relocated in the 19th century (Bryc et al. 2014). 
Similarly to the other populations with history of slave trade, African Americans also exhibit 
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asymmetrical contributions of African males and females to their gene pool: European ancestry 
on  Y  chromosome  was  found  in  28.46%  of  African  Americans,  but  European  mtDNA 
haplogroups were found only in 8.51% of examined individuals (Lind et al. 2007). 
 
1.5 History of the Trans-Atlantic Slave Trade 
1.5.1 Maritime discoveries 
Between 14th and 15th century European navigators started to expand from coastal territories 
into the Atlantic Ocean. In the year 1402 Castilians began to colonize the Canary Islands, in 
1419 Portuguese discovered Madeira and in 1427 Azores Islands. Vivid trade activity in North 
Africa  created  the  need  for  new  naval  trading  routes  to West  Africa  in  order  to  bypassing 
Moorish traders. Furthermore, expansion of the Ottoman Empire in the beginning of the 15 th 
century disrupted the established trade routes between Asia and Europe and brought the need 
for  alternative  trade  routes.  Demand  for  new  maritime  routes  fostered  the  development  of 
nautical technology and navigation techniques. Advance in construction of ships led to  the 
development  of  small  and  agile  vessels  called  caravelas  in  mid-15th  century,  which  were 
capable of windward sail and were better suited for an open ocean than any other type of ship 
at  that  time.  This  type  of  vessel  was  designed  in  Portugal,  based  on  fishermen  ship.  The 
caravela ships were equipped with two or three masts with lateen sails, and the average length 
ranged between 12 to 18 meters.  
In 1444 Portuguese reached Senegal and founded a small settlement on Goreé Island, near 
the present day city of Dakar. Around 1456 Cape Verde islands were discovered and in 1471 
Portuguese navigators reached Elmina (Figure 11) in the Gold Coast (present day Ghana). 
Eleven years later, Diogo de Azambuja founded fortress São Jorge da Mina at this site, which 
soon become a center of trade for gold, ivory and slaves at the African Coast. 
During the last decade of the 15 th century, Spanish made important maritime discoveries in 
West Indies. In order to avoid conflict between Spanish and Portuguese, in 1494 both maritime 
powers signed a treaty, where Portuguese and Spanish divided discovered territories between 
them, known as the Treaty of Tordesillas. In this treaty, Spanish were given control over the 
western part of Americas and Pacific islands, while Portuguese were granted Brazil, Africa and 
Asia. This division of the world led these two potencies to establish TAST, and just in the first 
half century, between 1451 and 1499, it brought as many as 60,000 slaves to Europe (Rawley 
& Behrendt 2005). 
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1.5.2 First Atlantic system 
In the first phase of TAST e almost exclusively Spanish and Portuguese traders were involved. 
In 1549 Portuguese started to establish sugar plantations in tropical and semitropical regions 
of Brazil. Sugar production created a massive demand for labour force. The first attempts to 
saturate  the  need  for  labour  force  with  the  Native  Americans  failed,  both  in  Spanish  and 
Portuguese  colonies.  Native  Americans  fought  fiercely  against  European  colonizers,  and  if 
enslaved, often rebelled or ran away from their masters. Furthermore, Native Americans had 
low levels of immunity against diseases brought by Europeans, such as flu and smallpox (Klein 
1999).  As  a  consequence,  populations  of  Native  Americans  in  emerging  Portuguese  and 
Spanish colonies were soon decimated, and colonizers had to look for labour force elsewhere. 
During the 16th century Portuguese and Spanish traders deported into American colonies more 
than 196 thousands of slaves, primarily from Senegambian region and West Central Africa, the 
coast south of mouth of river Congo. By the end of the 16th century, Brazil received more than 
34 thousands of African slaves, mainly in Pernambuco (more than 18 thousands) and Bahia 
(more than 5 thousands). At the same time, Spanish colonies in Central America received 
about 50 thousands of slaves and other Spanish colonies in Americas another 119 thousands 
of enslaved Africans (Eltis & Richardson 2010). 
Figure 11 - Elmina fortress on Ghanian Coast. This structure served as a main headquarters for Slave 
Traders in Golden Coast. Photo by Petr Triska. 
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In mid-17th century sugar production in Caribbean took off. British founded their plantations in 
Barbados  (1624)  and  Jamaica  (1655).  From  1641  until  the  end  of  17th  century,  British 
disembarked almost 400 thousands of African slaves in British Caribbean. At the end of the 
17th  century,  a  substantial  amount  of  gold  was  discovered  in  Brazilian  provinces  of  Minas 
Gerais and Goias. This catalyzed even faster the expansion of the slave trade. Slavers started 
to exploit more areas in African coast: Angola, Bight of Biafra and Bight of Benin (Eltis 2008, 
Figure 12).  
1.5.3 Triangular trade and second Atlantic system 
At the end of the 16 th century, a new model of trade emerged in the Atlantic. It was called 
triangular  trade  because  of  its  typical  three  legs:  Europe  or  New  England  as  a  source  of 
manufactured goods, African coast as a source of slaves and American colonies as a source 
of exotic goods like molasse, coffee, cocoa and others. Given the state of technology in the 
17th and 18th centuries all vessels were propelled solely by wind. 
  
Figure 12 – Major embarkation regions in West Africa. The colored circles indicate broad embarkation 
regions frequented by slave traders. Based on information from Transatlantic Slave Trade Database 
(Eltis & Richardson 2010). 
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 The navigation in  the triangular trade system was only possible thanks to Trade Winds, a 
pattern of prevailing winds in the Atlantic: easterly winds in latitudes near equator, and westerly 
winds in latitudes north or south of 30° parallel. A typical voyage of a vessel in triangular trade 
started in a European port, carrying guns, ammunition, alcohol, beads and other goods to be 
traded for slaves. Upon arrival to the African coast, these goods were exchanged for slaves, 
which  were  then  transported  to  American  colonies.  The  voyage  of  slaves  from  Africa  to 
Americas, often referred as the Middle passage, was extremely harsh. Due to the unpredictable 
nature  of  weather  in  the  Atlantic,  the  duration  of  the  middle  passage  was  highly  variable, 
typically from one to six months. As the ship owners tried to maximize the profit by packing the 
ships  with  as  many  enslaved  people  as  possible,  transported  people  had  extremely  small 
space to live on, which in many cases led to disastrous mortality rates during the crossing. The 
average mortality rate ranged between 9.5% (Spanish ships 1830-1867) and 29.8% (Spanish 
ships  1590-1699).  However,  it  has  been  estimated  that  up  to  70%  of  mortality  could  have 
occurred in Africa, during the kidnapping and transportation to the ports (Klein 1999). 
Despite the fact that all European naval powers entered in TAST by the end of the 17th century, 
only during the 18 th century the trade reached an enormous scale. In total, six naval powers 
entered the business along with the well-established Portuguese and Spanish: British, Dutch, 
French and Danish.  
1.5.4 Great Britain in the Atlantic Slave Trade 
British involvement in slave trade increased rapidly after introduction of sugar cane to Barbados 
by Dutch traders. In 1672 the Royal African Company was founded in London, and until 1698 
London port had monopoly for slave trade in Britain. Later the operation centers of British slave 
trade moved to the ports of Liverpool and Bristol (Thomas 1997). During the 18th century, British 
ships carried over 2.5 million Africans across the Atlantic, most of them to Jamaica (close to 
one  million)  and  to  Barbados  (around  328  thousands).  Other  islands  in  British  Caribbean 
received  between  100  and  150  thousand  slaves:  St.  Kitts  (149,600),  Antigua  (139,500), 
Grenada (137,100) and Dominica (114,100). British also shipped around 300 thousands of 
Africans to their North American colonies, primarily Carolina, Georgia and Virginia (Eltis 2008; 
Eltis & Richardson 2010). Trading to North America declined after the United States of America 
declared independence in 1776, but slave trade in British Caribbean continued until abolition 
in 1807. The principal regions of embarkation frequented by British were Gold Coast (ports of 
Elmina and Accra) with almost 645 thousands of embarked slaves, and Bight of Biafra (ports 
of Bonny and Calabar), accounting for more than 890 thousands. Another major region was 
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West Central Africa, where almost half-million of enslaved Africans embarked British vessels 
during the peak phase of the Atlantic Slave Trade in the 18th century. 
1.5.5 France in the Atlantic Slave Trade 
French  involvement  in  the  Atlantic  Slave  trade  began  shortly  after  France  started  the 
colonization  of  Caribbean.  In  1635  Pierre  Belain  d'Esnambuc  founded  the  first  permanent 
colony on Martinique. Later, when British pushed French out of Saint Kitts and Nevis, French 
colonizers  turned  to  Saint  Lucia  (1643)  and  Guadeloupe  (1674).  Until  the  end  of  the  17th 
century,  French  slave  trade  was  relatively  small,  compared  to  Portuguese,  British  or  even 
Dutch. During the last decade of the 17 th century, when both British and Portuguese vessels 
embarked over 100 thousands Africans, the scale of French slave trade reached only about 
10%  of  British  and  less  than  7%  of  Portuguese.  During  the  first  three  decades  of  the  18th 
century, French Atlantic Slave Trade ran up to 74 thousands of slaves between 1721-1730 and 
continued growing up to ~280 thousands in 1781-1790, when French slave trade saw its peak. 
The  vast  majority  of  slaves  from  French  vessels  were  disembarked  in  French  Caribbean, 
predominantly to Saint-Domingue and Martinique, which together accounted for more than 1.1 
million out of 1.3 million of slaves transported to the New World during the whole French slave 
trade (Eltis & Richardson 2010). 
Most of the French slavers expeditions (over 40%) started in the port of Nantes, a rich merchant 
city  in  Brittany,  situated on  river  Loire  approximately  50  km from  the mouth  in  the  Atlantic 
Ocean. Other important ports involved were Le Havre, La Rochelle, Bordeaux, St. Malo and 
Honfleur (Geggus 2001). French slave traders bought the slaves basically in all West African 
regions, but mainly in West Central Africa and Bight of Benin. 
Similarly  to  other  Caribbean  colonies,  enslaved  Africans  on  French  islands  cultivated  and 
processed sugar cane, coffee, cacao, indigo, tobacco and cotton. At the end of the 18th century, 
French slave trade started to decline, while the abolishment movement in France was growing 
stronger.  Low  profitability  of  slave  trade  and  intense  opposition  against  slavery  in  French 
society led to abolition of slavery in all of its possessions in 1794. However, this abolition did 
not last long, as Napoleon reintroduced slavery in sugar-growing colonies in 1802. 
1.5.6 Netherlands in the Atlantic Slave Trade 
Dutch involvement in the Atlantic Slave Trade started already at the end of the 16 th century, 
when vessels under the Dutch flag shipped slaves to Brazil and Spanish colonies, however at 
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a smaller scale when compared to other powers. With the onset of Dutch colonies in Caribbean, 
the destination of Dutch slave vessels shifted towards Aruba, Curaçao and Sint Maarten. In 
the  18th  century,  the  predominant  markets  of  Dutch  slave  trading  became  Surinam  and 
Guyana. Based on archive documents, Dutch slave trade affected more than 550 thousand 
Africans, who were embarked on Dutch ships. The vast majority of Dutch slave expeditions 
took place in the period between 1660 and 1790. Slave trade was abolished in the Kingdom of 
Netherlands only in 1863, being one of the last countries in Europe to do so. Furthermore, the 
adopted law of abolishment implied 10 years of transformation period, therefore only after 1873 
all Dutch slaves were freed.  
1.5.7 Denmark in the Atlantic Slave Trade 
Given the small extension of Danish colonies in the New World, consisting of only three islands 
(Saint Thomas, Saint John and Saint Croix), the Danish involvement in the slave trade was 
marginal. Documented expeditions of Danish slave vessels account for 111 thousand enslaved 
Africans. Slavery in Danish colonies was abolished in 1848. 
1.5.8 Abolition of the Slave Trade 
Towards the end of the 18th century, profitability of the triangular trade declined gradually. There 
was an over-supply of sugar in the world, as well as of other goods, which were cheaper and 
easier to be produced in colonies outside the New World and without slave labour. In April 
1791, a large slave rebellion began in the French colony of Saint-Domingue. The rebellion 
lasted over a decade, until in November 1803 rebels defeated French army and in the next 
year  Saint-Domingue  became  the  independent  republic  of  Haiti.  These  events  provoked 
heated dispute in colonial countries about the morality of slavery. In the center of this debate 
was an abolishment movement, which was significantly inspired by the ideas of humanity and 
universal human rights. Starting with Great Britain in 1807, all colonial powers proceeded to 
abolition of slave trade and slavery in the course of the 19th century. After the abolition in Great 
Britain, British navy pointed a fleet of ships to patrol in West Africa and enforce shut down of 
the slave trade. During the first half of the 19th century, Great Britain signed an abolition treaty 
with  Portugal,  Denmark,  France  and  Netherlands.  Finally,  Brazil  abolished  slavery  by  the 
Golden Law, which came into effect on 13th May 1888, with immediate effect, although some 
illegal slave trade continued for several years after the abolition (Eltis & Walvin 1981). 
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1.6 Interdisciplinary study of the Trans-Atlantic Slave Trade 
The first source of information available for  the study of TAST  was archive documents. All 
European slave traders kept more or less detailed records about the slave trade, which usually 
contain  information  about  the  number  of  bought  slaves,  the  place  of  purchase,  number  of 
males, females and children, port of embarkation, flag under which the vessel set on sail across 
the  Atlantic  and  where  the  slaves  were  disembarked  and  sold,  length  of  the  voyage  and 
mortality during the voyage. These archive records provide relatively accurate information on 
the destination of the enslaved Africans, but contain only very little information on their origin, 
restricted to a broad geographic region, like Bight of Biafra or Golden Coast, or eventually to a 
particular port. As Africans were often captured far from the coast, their origin and ethnicity are 
in many cases unknown. In addition, mortality of the captured slaves during their transport to 
the coast was also never recoded, although some scholars estimate that it was even higher 
than the mortality during the harsh Middle Passage. 
Because  the  amount  of  information  that  historical  archives  can  provide  is  very  limited, 
investigation of TAST requires interdisciplinary approaches to address questions about ethnic 
origin of slaves, their culture and habits and their health.  
The first attempts to elucidate the ethnic origin of the first generation of enslaved Africans were 
made by using the isotope analysis (Cox & Sealy 1997; Price et al. 2006). Isotopes are variants 
of  particular  chemical  elements  that  differ  in  number  of  neutrons.  Elements  like  strontium, 
oxygen, carbon and nitrogen form stable isotopes, which in nature occur in different ratios often 
determined by geological conditions. Therefore, the ratio of stable isotopes can be used as a 
signature typical of a particular geographic region. As living organisms incorporate elements 
from the environment into their bodies, their biological materials contain the same isotope ratio 
as the environment they live in and can be recovered even after their. Isotope ratio recovered 
from biological material, e.g. skeletal remains of enslaved Africans, can be compared to the 
isotope map of a particular region in order to determine the possible origin of the investigated 
sample. 
In  the  context  of  TAST,  this  strategy  has  been  successfully  applied  to  skeletal  remains  of 
enslaved  Africans  unearthed  in  Barbados.  In  three  out  of  25  samples,  the  isotope  profiles 
obtained from skeletons yielded results which were not consistent with isotope ratios found in 
Caribbean, suggesting that these three skeletons represent the first generation of slaves born 
in Africa, albeit their exact origin could not be determined (Schroeder et al. 2009). 
Improvements in capture techniques of ancient DNA and next-generation sequencing allowed 
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investigation of genetic background of enslaved Africans on genome-wide level. This can be 
done by statistical comparison of set of markers typed in ancient DNA samples to the reference 
data set of African populations. If the source population is present in the reference data set, 
the investigated sample should cluster with the parent population. The study of ancient DNA in 
the context of TAST is peculiar because of the generally low quality of DNA caused by post-
mortem  degradation.  The  rate  of  DNA  degradation  is  largely  determined  by  environmental 
factors: in the wet and hot climate of equatorial Africa and Caribbean, the preservation of DNA 
is much worse than in dry and cool conditions of higher latitudes. However, because the genetic 
landscape of African populations is highly stratified, even an unobtrusive number of 
successfully typed markers can eventually provide a good spatial resolution. This approach 
was successfully used to determine the origin of three enslaved Africans from the 17th century 
unearthed in the Caribbean island of Sint Maarten. By using the reference data set compiled 
of published West-African samples, two out of three samples were assigned to a particular 
source population (Schroeder et al. 2015). 
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1.7 Genetic legacy of Trans-Atlantic Slave Trade in clinical 
context 
1.7.1 Health related factors of African ancestry 
Genetic ancestry background plays an important role in health of every individual, as expressed 
in susceptibility and resistance to diseases. Health implications arising from African genetic 
ancestry are extremely relevant for the public health sector of countries with populations of 
African descent: African Americans, African Caribbeans and African Brazilians. 
Although a considerable amount of the disparity observed in health status between African 
Americans and European Americans can be attributed to socioeconomic factors (Schulz et al. 
2000), there are several diseases and health conditions affecting African Americans 
significantly more frequent than in other ethnic groups in the population, even after correction 
for socioeconomic factors. Complex diseases prevalent in African Americans, like 
hypertension, type 2 diabetes, progressive kidney failure and blood disorders, have known 
genetic component, and risk alleles of these diseases are frequently linked to African ancestry 
(Genovese et al. 2010; Parsa et al. 2013). On the contrary, African ancestry seems to provide 
protection against some infectious diseases (Chacón-Duque et al. 2014).  
1.7.1.1 Kidney diseases in African Americans 
Chronic  Kidney  Disease  (CKD)  is  a  progressive  loss  of  kidney  function  characterized  by 
reduced glomerular filtration and/or increased urinary albumin excretion (Jha et al. 2013). In 
the United States, this disease affects African Americans approximately two times more than 
European Americans (Cowie et al. 1989, Tell et al. 1996). Genome-wide scan for association 
tagged two risk alleles in the coding region of Apolipoprotein 1 gene (APOL1): rs73885319, a 
SNP of A for G, designed as G1 (linked with rs60910145); and rs71785313, designed as G2, 
a 6-bp deletion causing removal of two amino acids (Genovese et al. 2010). Both of these two 
derived variants G1 and G2 are present only in Sub-Saharan populations, where G2 variant 
presents a 3-8% frequency in West Central Africa (Ko et al. 2013; Figure 13).  
Further clinical studies proved that G1 and G2 variants not only affect the susceptibility to CKD, 
but also influence its progression. Patients with two risk alleles (high risk group) progressed 
towards the kidney failure (primary renal outcome) faster than patients with only one or no risk 
allele (low risk group). After 10 years of monitoring, roughly 70% of high risk patients came to 
renal outcome, compared with40% of patients in the low risk group (Parsa et al. 2013). 
A  high  frequency  of  deleterious  variants  in  a  relatively  confined  geographic  area  strongly 
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suggests  that  variants  are  maintained  in  the  population  by  balancing  selection,  thus  these 
variants could confer an evolutionary advantage, which is strong enough to counterbalance 
increased  risk  of  CKD.  This  hypothesis  has  been  corroborated  by  analysis  of  haplotype 
structure in APOL1 gene: both G1 and G2 haplotypes are significantly longer than wild type 
haplotypes and present high scores in selection tests (Karlsson et al. 2014). 
The competitive advantage of the derived forms of apoliprotein was demonstrated by in vitro 
experiments,  which  proved  the  ability  of  the  derived  Apol-1  protein  to  lyse  the  protozoan 
parasite Trypanosma brucei rhodesiense, a causative agent of sleeping sickness. 
Apolipoprotein 1 is the trypanolitic factor of human serum, responsible for protection against 
trypanosome parasites. The molecular basis of this protection lies in its ability to form pores in 
the lysosomal membrane of the parasite and induce influx of chloride, followed by osmotic 
swelling and consequent lysis of the trypanosome (Pérez-Morga et al. 2005). However, the 
trypanosome  subspecies  T.  b.  rhodesiense  and  T.  b.  gambiense  adapted  to  humans  and 
express the serum resistance associated (SRA) protein that binds to terminal helix of wild type 
Apol-1 protein and inhibits its protective activity (Vanhamme et al. 2003). Nevertheless, binding 
of  SRA  to  Apol-1  can  be  disrupted,  if  terminal  helix  of  Apol-1  is  altered  by  deletions  or 
mutations, which is the case of G1 and G2 versions of the protein. These mutated proteins 
retain the lytic capacity even in human adapted forms T. b. rhodesiense and T. b. gambiense 
(Genovese et al. 2010).  
  
Figure 13 - Frequency of derived G1 allele in African populations. ACB: Barbados, ASW: African 
American,  ESN:  Esan  from  Nigeria,  LWK:  Luhya  from  Kenya,  MAG:  Mandinka  from  Senegal,  MSL: 
Mende from Sierra Leone, YRI: Yoruba from Nigeria. Pie charts downloaded from www.ensembl.org 
(Cunningham et al. 2014). 
 
Figure 7 - Distribution of global Dengue risk.  Adapted from Global Strategy for Dengue Prevention 
and Control (WHO 2012).Figure 8 - Frequency of derived G1 allele in African populations. ACB: 
Barbados, ASW: African American, ESN: Esan from Nigeria, LWK: Luhya from Kenya, MAG: Mandinka 
from Senegal, MSL: Mende from Sierra Leone, YRI: Yoruba from Nigeria. Pie charts downloaded from 
www.ensembl.org (Cunningham et al. 2014). 
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1.7.1.2 Type 2 diabetes 
Diabetes mellitus type 2 is a metabolic disorder manifested in elevated blood glucose level 
(hyperglycemia), caused either by relative shortage of insulin supply due to dysfunction of β-
cells or by resistance of cells to insulin. Untreated diabetes can lead to impaired vision, kidney 
and cardiovascular disorders and sexual dysfunctions (Lin & Sun 2010). Although obesity is 
the main risk factor of type 2 diabetes, trials on homozygotic twins suggest a strong heritability: 
coincidence of type 2 diabetes among identical twins exceeds 90% (Melmed & Conn 2005). 
Type  2  diabetes  in  African  Americans  is  approximately  doubled  compared  to  European 
Americans (Maskarinec et al. 2009). Despite the extensive effort, only a few genetic variants 
significantly associated with type 2 diabetes were identified in African American: one intergenic 
SNP (rs7560163) between RND3 and RBM43 genes (Palmer et al. 2012); one SNP 
(rs7903146) in TCF7L2 gene (Cooke et al. 2012, Long et al. 2012) and several SNPs in HLA-
B and IGF2 genes (Ng et al. 2014). 
1.7.1.3 Hypertension 
Arterial  hypertension  is  a  persistent  medical  condition  characterized  by  increased  blood 
pressure in arteries. In adults, this means arterial blood pressure higher than 140 mmHg for 
systolic and 90 mmHg for diastolyc. Hypertension is an important risk factor in a number of 
disorders, in particular hypertensive heart disease, CKD, stroke, etc.  
Prevalence  of  hypertension  in  African  Americans,  age  adjusted,  is  approximately  39%, 
compared to 27.8% in Mexican Americans or 28.5% in non-Hispanic white Americans (Ong et 
al. 2007). Several GWAS aimed to disentangle between genetic variants responsible for the 
higher incidence of hypertension in African Americans, however few results were successfully 
replicated in an independent sample. Admixture mapping in 6303 unrelated African Americans 
followed by GWAS replication identified a variant in NPR3 gene associated with hypertension 
(Zhu et al. 2011). In addition, a large meta-analysis of previous GWAS studies revealed other 
five loci: EVX1-HOXA, ULK4, RSPO3, PLEKHG1, and SOX6, all of them involved in the nitric 
oxide  signaling  pathway  (Franceschini  et  al.  2013).  This  pathway  plays  a  role  in  various 
processes linked to hypertension, such as heart contraction, vasodilatation and endothelian 
function (Saraiva & Hare 2006). 
1.7.1.4 Blood disorders 
Higher prevalence of blood disorder among people of African ancestry can be explained by the 
protective  effect  against  malaria  which  these  disorders  often  provide  (Kwiatkowski  2005). 
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Thalassemia  and  sickle  cell  anaemia  are  inherited  genetic  blood  disorders  which  affect 
haemoglobin formation and, in this way, prevent malaria parasite from successful completion 
of its reproductive cycle inside the erythrocyte. The causative genetic variants are maintained 
by balancing selection in regions endemic for malaria parasites. However, due to extensive 
migrations related to TAST thalassemia and sickle cell anaemia are present in all populations 
with West African ancestry (Steinberg et al. 2009). 
1.7.1.4.1 β-thalassemia 
β-thalassemia is a blood disorder defined as an insufficient synthesis of haemoglobin β-chains 
typically  leading  to  anaemia.  Thalassemia  is  determined  by  mutation  in  HBB  gene  and  is 
inherited in Mendelian autosomal recessive fashion (Cao & Galanello 2010). The heterozygous 
state with one functioning HBB gene is referred as β + -thalassemia (β-thalassemia minor). 
The heterozygous phenotype of varies from asymptomatic carriers to severe anemic 
individuals (Sheiner et al. 2004). Homozygous individuals for β-thalassemia trait (β-
thalassemia major) often suffer from severe anaemia and depend on regular blood transfusion. 
Additionally,  frequent  blood  transfusions  might  cause  problems  with  iron  overload  and 
consequent enlargement of the spleen (Wintrobe & Greer 2009). 
1.7.1.4.2 Sickle cell anaemia 
Sickle cell anaemia is caused by the substitution of glutamic acid by valine in haemoglobin β-
chain. Mutated β globine causes sickle-shaped erythrocytes with impaired capability of flowing 
through veins. Sickle cell trait (HbS) in heterozygous state usually causes only mild anaemia 
while  providing  partial  resistance  against  malaria  parasite  P.  falciparum.  On  the  contrary, 
individuals homozygous for HbS trait suffer from severe anaemia that considerable shortens 
life expectancy (Rees et al. 2010). Prevalence of sickle cell anaemia in African Americans is 
approximately  0.02%  and  around  8%  of  African  Americans  bear  HbS  trait,  hence  are 
heterozygous carriers (Ojodu et al. 2014). 
1.7.2 Case study: Dengue fever 
Dengue is a tropical disease spread by mosquitoes of the genus Aedes. Symptoms of Dengue 
fever  (DF)  are  headache,  fever  and  pain  in  muscles,  joints  and  bones.  This  is  often 
accompanied by typical skin rash. Most of the patients recover from Dengue infection without 
serious health problems. Around 80% of infected people are asymptomatic or exhibit only very 
mild symptoms (WHO 2009; Reiter 2010). In some cases the Dengue infection progresses into 
dengue hemorrhagic fever (DHF), characterized by blood plasma leakage and low levels of 
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blood platelets. Another life-threatening condition induced by Dengue infection is a Dengue 
shock syndrome (DSS) associated with low blood pressure. If adequate treatment is provided, 
the fatality rate is less than 1% (WHO 2009), without the treatment the fatality is estimated to 
1%-5% (Ranjit & Kissoon 2011). 
1.7.2.1 Virus 
The causative agent of Dengue fever is the Dengue virus (DENV). DENV is a single-stranded 
RNA  virus  belonging  to  the  Flaviviridae  familiy.  Based  on  the  envelope  protein,  DENV  is 
subclassified into four DENV serotypes (DENV 1-4) and a fifth serotype has been discovered 
in  2013  (Normile  2013).  Infection  with  one  serotype  provides  life-long  resistance  to  that 
particular  serotype,  but  not  to  other  serotypes.  In  fact,  secondary  infection  with  a  different 
serotype is a risk factor for developing the life-threatening forms of Dengue fever (Rodenhuis-
Zybert et al. 2010).  
1.7.2.2 Vector 
Dengue is transmitted by mosquitoes of the genus Aedes, most often by species A. aegypti 
and A. albopictus (Gubler 2004). Mosquitoes of the genus Aedes usually live in wet and warm 
tropical habitats in latitudes between 35N and 35S parallel, and below 1000 m altitude. Aedes 
mosquitoes are day-biting species, and besides Dengue fever, serve as vector for yellow fever, 
chikungunya and West Nile virus. Mosquitoes from the genus Aedes are characterized by white 
markings on body and legs. 
1.7.2.3 Epidemiology 
The Dengue fever is endemic in 110 countries in Central and South America, Africa, South and 
Southeast Asia (Ranjit & Kissoon 2011). Within the last decades, the incidence of Dengue 
increased dramatically. While there were only several thousands of Dengue cases reported in 
1960s, in 2010 WHO received reports about more than 2.2 million of Dengue fever cases (WHO 
2012).  This  increase  can  be  attributed  to  the  spread  of  Dengue  vector  related  to  climate 
change, globalization and urbanization, as the Dengue infections are most common in urban 
environment (Gubler 2004).  
 
 
INTRODUCTION 
52 
 
1.7.2.4 Role of African ancestry in Dengue 
Medical reports of the Dengue outbreak at Cuba in 1981 pointed out that ethnicity might play 
a role in the outcome of the disease, because people with darker skin showed better resistance 
to the disease. However, until now this hypothesis was tested only in two genetic studies. The 
first attempt was conducted in 236 DF and 50 DHF patients from Brazil, through single locus 
analysis  of  593  SNPs  targeting  genes  in  the  IFN  response  pathway,  which  is  involved  in 
arboviral resistance in mice. This study found association between the susceptible phenotype 
and non-African ancestry on JAK1 gene, possibly, interacting with IFN response pathway (Silva 
et al. 2010). 
Another study targeted 30 ancestry informative markers in Colombian  dengue patients and 
found statistically significant protective effect of African ancestry, however due to low resolution 
it could not provide answers on the mechanism of protection (Chacón-Duque et al. 2014). 
  
Figure  14  -  Distribution  of  global  Dengue  risk.  Adapted  from  Global  Strategy  for  Dengue 
Prevention and Control (WHO 2012). 
 
INTRODUCTION 
  
53 
 
1.8 History of Arab slave trade 
Arab Slave Trade in East Africa was a part of a much larger slave trading system in the Muslim 
world. It started in the 7th century with Muslim conquests. At its largest extent in the 8th century 
during  the  Umayyad  caliphate,  the  Muslim  Empire  spread  throughout  North Africa,  Iberian 
Peninsula, Arabian Peninsula, Near East and parts of Central Asia. Because the Muslim law 
sharia  forbids  enslavement  of  fellow  Muslims, Arab  slave  traders  raided  areas  outside  the 
Muslim Empire, primarily European coasts (slaves called Saqualiba) and Sub-Saharan Africa 
(slaves called Zanj). Because the Arab Slave Trade lasted more than one millennium and the 
number of written records about the Arab Slave Trade is very limited, estimates on the scope 
of the trade vary between authors. Including the Trans-Saharan slave trade, estimates start at 
8 million Africans and go as high as 25 million Africans enslaved between 7th and 19th centuries 
by Arab slavers (Gordon 1989; Smith 1999). 
Arab slave trade in Africa had two main branches: the Trans-Saharan and the Indian Ocean. 
The Trans-Saharan slave trade operated in West Africa, in particular in the Kingdom of Mali. 
Slaves were gathered in cities like Tibmuktu, Gao and Djemne. From there the slaves were 
transported across the Sahara to the markets in Maghreb: Marrakech, Algiers, Tunis and others 
(Figure 15). 
In East Africa, Arab slave traders captured people along the East African coast and shipped 
them into countries on the coast of the Indian Ocean. Slaves were used for a considerable 
number of tasks. A large number of slaves was used for agriculture and army, but the most 
important  trade  was  of  women.  This  is  apparent  in  the  maternal  genetic  pool  of  Arab 
populations:  African-specific  mtDNA  haplogroups  are  present  in  high  frequencies  in  Arab 
populations,  especially  in  Yemen,  where  it  reaches  34%;  on  the  other  hand,  mtDNA  L 
haplogroups are not frequent in non-Arabic Near Eastern populations (Richards et al. 2003). 
Dating of the Arab Slave Trade from genetic data is particularly complicated because of the 
geographic proximity in Horn of Africa and due to long-standing admixture between populations 
in this region. As we discuss later, LD based methods like ROLLOFF (Moorjani et al. 2011) 
tend to detect only the most recent admixture and omit the more ancient events. New recently 
developed method by Hellenthal et al. (2014) based on chromosome painting and haplotype 
analysis can better estimate admixture time and even distinguish several migration waves, 
however in case of African admixture in Arabian peninsula detects only the Arabian Slave Trade 
in period between 890 and 1750 CE, which is in line with the historical evidence  (Manning 
1990). 
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The genetic legacy of the Arab Slave Trade has also implications for the health of present day 
Arabian populations.  The sex-biased gene flow from sub-Saharan  Africa into Arabian 
Peninsula  is  a  reason  for  high  frequency  of  blood  disorders  in  the Arabian  Peninsula,  in 
particular X chromosome linked G6PD deficiency, the cause of fava anaemia. Blood disorders 
like  G6PD  deficiency  or  various  haemoglobin  malformations  provide  a  certain  degree  of 
protection against malaria and are very frequent  in Sub-Saharan Africa (Kwiatkowski 2005; 
Karlsson et al. 2014). 
  
Figure 15 – Routes of Arab Slave Trade. Adapted from “African slave trade" by Runehelmet derived 
from Aliesin  -  File:Traite_musulmane_medievale.svg.  Licensed  under  CC  BY-SA  3.0  via  Commons 
license. 
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A good understanding of population structure and evolutionary forces that acted upon ancestral 
and descendant populations is needed to investigate the genetic legacies of Africa's largest 
slave trading systems (TAST and Arab Slave Trade). The work presented in this thesis aims 
to (i) describe the genetic structure and positive selection across the Sahel belt, whose western 
populations contributed massively to TAST while the eastern populations were the ancestors 
of the Arab Slave Trade; (ii) investigate how the African genetic background can contribute to 
protection against complex diseases in admixed descendant populations, by using as a model 
Dengue hemorrhagic fever in the Cuban population; and (iii) provide genetic evidence and date 
estimation of demographic events in complex African and non-African admixture scenarios in 
Arabia. 
 
Specific aims of this work: 
1. Characterize  patterns  of  admixture  and  positive  selection  of  populations  in 
Africa's  most  important  migration  corridor.  Sahel  belt  has  a  complex  history  of 
human migrations, admixture and evolutionary adaptation. The population structure of 
Sahel was inferred from 2.5 million genome-wide SNPs characterized in 161 individuals 
from 13 populations by using ADMIXTURE and PCA. Signals of positive selection were 
also investigated by using haplotype-based selection measures (iHS and XPEHH) and 
contextualized in terms of metabolic pathways to elucidate possible biological 
adaptations. 
 
2. Investigate  the  role  of  African  ancestry  in  resistance  and  susceptibility  to 
complex  diseases  in  admixed  descendant  populations  of  the  slave  trade,  by 
using the model of Dengue hemorrhagic fever in admixed Cubans. Although the 
protective effect of African ancestry against the Dengue hemorrhagic fever has been 
proposed by health professionals in the Caribbean region based on empirical 
experience,  the  genetic  basis  of  this  phenomenon  was  not  known.  ADMIXTURE 
analysis was used to evaluate the hypothesis of genetic African protection against the 
hemorrhagic phenotype in Cuba, while fine-matched genome-wide association study 
and ancestry mapping were applied in order to identify the candidate genes conferring 
the African protection. Gene expression of the identified genes was evaluated in Cuban 
patients and in available transcriptome data from a Thai cohort. 
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3. Shed light on the Arab Slave Trade impact in the complex admixture scenario in 
Arabia.  Since  Pleistocene,  the  population  genetics  of  Arabian  Peninsula  has  been 
shaped by episodes of gene flow between Africa and Eurasia resulting from climatic 
oscillations, Neolithic expansions and slave trade. We compared the power between 
mitochondrial  and  autosomal  based  analysis  in  disentangling  between  and  dating 
diverse migration events.  
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Figure 6 
 
Figure 9 - PPAR signalling 
pathway. Adaped from 
KEGG: Kyoto Encyclopedia 
of Genes and Genomes 
(http://www.genome.jp/kegg/
).Figure 6 
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Slavery has been an unfortunate part of human history. Virtually all great empires practiced 
slavery,  as  their  economy  often  depended  on  slave  workforce.  Although  the  slavery  was 
practiced differently between cultures, there are several features that are common to basically 
all known episodes of slavery and slave trading. For our work, two particularly features are 
important: large scale forced migrations and subsequent sex-biased admixture. If the episode 
of  slave  trading  occurs  between  two  genetically  divergent  populations,  later  admixture 
produces a particular genetic structure in the descendant population. In the cases of Trans-
Atlantic Slave Trade and Arab Slave Trade, the admixture took place between populations with 
considerably distinct gene pools and therefore these African slave trading systems offer unique 
opportunities to study human history from the perspective of genetics. In addition, mixture of 
African and Eurasian genetic backgrounds inevitably brings health related implications: the 
African genetic background confers better resistance to certain infectious diseases (Karlsson 
et al. 2014), but it also brings susceptibility to blood disorders, diabetes, kidney failure and 
other (Palmer et al. 2012, Franceschini et al. 2013). 
Population structure 
We began this work by characterizing the population structure and evolutionary adaptations in 
the Sahel Belt, Africa’s most important migration corridor and genetic “melting pot”, directly 
connected to Trans-Atlantic Slave Trade system in the West, and Arab Slave Trade in the East. 
We have observed three main clusters of genetic diversity in the Sahel Belt: Eastern, heavily 
influenced  by  Eurasian  admixture,  Atlantic  West  and  West/Central  African  components. 
Interestingly,  we  distinguished  the  same  clusters  of  African  genetic  diversity  in  the  Cuban 
population:  the  West/Central  African  cluster  was  dominant  (66-70%  of  the  total  African 
ancestry), followed by the Atlantic West African (20-24%) and with minor traces of East African 
ancestry (10%). These findings are in line with historical records: slaves brought to Cuba were 
brought mainly from ports in West and Central Africa, and a minor portion from Senegambian 
coast (Eltis & Richardson 2010). 
The substructure in the West African genetic component between Atlantic West Africa (Senegal 
and Gambia) and West/Central Africa (Gulf of Guinea) has been described only recently when 
high-density genotyping platforms were employed (Gurdasani et al. 2015). Our data, based on 
2.5 million SNP, confirmed this substructure. Also, all investigated West African populations 
derive  their  ancestry  from  both  these  sources,  without  evidence  of  admixture  with  other 
population backgrounds. 
Particularly interesting is Eurasian admixture in Sub-Saharan Africa. All investigated 
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populations from Eastern and Central Sahel contain portions of Eurasian genetic ancestry. We 
distinguished two different components of Eurasian admixture in Sahel populations: one widely 
present in Eastern Sahel and apparently related to Near Eastern/Arabian Peninsula genetic 
background;  and  another  related  to  autochthonous  North  Africans,  present  in  the  nomadic 
populations from Central and Western Sahel. These two Eurasian ancestries were brought to 
Africa during episodes of Back-to-Africa migrations during favourable climatic conditions in the 
Near East (Rose & Petraglia 2009). While in the East Africa the main migration took place in 
Late Glacial period around 16 ka, in North Africa the main Back-to-Africa migration occurred 
during the Neolithic (our work). 
Time of admixture can be estimated through two different strategies: i) methods that rely on 
phylogenetic analysis of uniparental markers accompanied by dating by molecular clock and 
ii) methods measuring decay of LD and attempting to fit the LD decay with regression curve in 
order to estimate the time (Moorjani et al. 2011). Each of these methods is better suited for 
particular situations: LD based methods perform well in situations of relatively recent admixture 
before the LD decays completely; methods based on analysis of uniparental markers perform 
arguably better in detecting very old admixtures and multiple waves of migration. 
We employed both approaches to estimate the dates of Eurasian admixture in Africa, and of 
African admixture in the Arabian Peninsula. Results of ADMIXTURE analysis suggested that 
the  Eurasian  ancestry  in  Daza,  Kanembu  and  Fulani  most  probably  originated  from  North 
Africa,  which  is  corroborated  also  by  evidence from  mitochondrial  data  (Cerný  et  al.  2006; 
Podgorná et al. 2013). Ages of admixture for these populations estimated by ALDER yielded 
considerably more recent estimates for Fulani (17.40 ± 4.63 generations) than for 
Daza+Kanembu  (39.85  ±  4.41),  suggesting  that  these  admixture  processes  resulted  from 
different demographic events. This fact is corroborated by mtDNA data: Eurasian mitochondrial 
haplogroups found in Fulani comprise J1b, U5, H and V (Cerny et al. 2006), while Eurasian 
haplogroups in Daza are represented by M1 and U6 (Podgorna et al. 2013).  
History of Eurasian admixture in East Africa seems to be even more complex. The 
archaeological record provides evidence for contact between the Horn of Africa and Near East, 
beginning 3,000 year ago (Phillipson 2010). A similar time of admixture was obtained by LD 
based methods, and was assumed as the time of Eurasian admixture in Africa (Pagani et al. 
2012, Pickrell et al. 2014). However, Hodgson et al. (2014) pointed out that the LD based 
methods  are  strongly  biased  towards  most  recent  admixture  events  and  therefore  perform 
poorly in scenarios with several successive migrations. The latter study attested for earlier 
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Back-to-Africa migration into the Horn of Africa, probably in pre-agricultural era. Our results of 
founder  analysis  confirm  that  the  Late  Glacial  period  was  the  time  of  major  Back-to-Africa 
migration, although there were at least other two back migrations into Africa, one around the 
early Neolithic, and second very recently within last thousand years. 
The  difference  between  Eastern  and  Western  Sahel  observed  on  population  structure  is 
reflected also in the patterns of positive selection. In general, West African populations exhibit 
extensive sharing of selection signals, while on Eastern Sahel populations these signals appear 
to be more diverse. It is important to note, that except Fulani, our West African populations are 
sedentary,  while  in  Central  and  Eastern  Sahel  we  have  sampled  both  nomadic  or  semi-
nomadic pastoralists, as well as sedentary populations. Pathway analysis of iHS and XP-EHH 
results indicated that the West African populations have been targeted by selection on heart 
and oxytocin pathways, while Eastern Sahel populations display selection on lipid metabolism 
pathways, namely on glycerolipid and glycerophospholipid pathways. 
Differences between Eastern and Western Sahel patterns of selection are also apparent in 
results of XP-EHH test, where West African populations reached high values among SPINT2 
and CATSPERG region, associated with diarrhea (Heinz-Erian et al. 2008) and male fertility 
(Wang et al. 2004), respectively. In Eastern Sahel, top scores in XP-EHH vs West were for 
DGAT2  and  DGKI  genes,  both  playing  key  roles  in  glycerolipid  and  glycerophospholipid 
pathways (Yen et al. 2008). 
Although a large proportion of reported signals was geographically clustered within Eastern or 
Western  Sahel,  we  have  observed  also  a  number  of  signals  universally  presented  by  all 
investigated populations. A clear example is DARC gene associated with resistance to P. vivax 
malaria, through absence of Duffy antigen on erythrocyte surface (Nickel et al. 1999). Another 
example of across Sahel selected gene is PIGG, which is involved in the formation of GPI-
anchor,  a  cell  membrane  structure  allowing  the  attachment  of  proteins  to  the  membrane 
(Stokes et al. 2014). 
Local ancestry inference as a tool to identify evolutionary adaptation 
Greater genetic diversity in populations mixed from different ancestral backgrounds gives them 
an  advantage  when  responding  to  selective  pressure  forces.  If  an  advantageous  allele  is 
present  in  one  of  the  ancestral  backgrounds,  this  particular  background  would  become 
favoured by evolution in the genomic region where the advantageous allele lies. This results in 
a genomic signature of excess of local ancestry in the advantageous region. Compared to 
classical  genome-wide  association  chi-square  test,  admixture  mapping  has  considerably 
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higher power due to the lowered testing burden, since the ancestral blocks typically span over 
tens to thousands of SNPs (Montana & Hoggart 2007). 
We have successfully applied the approach of admixture mapping to the populations in Eastern 
Sahel and Cuba, where Eurasian and African gene pools have been mixing in the course of 
history,  for  a  considerable  longer  time  in  the  first  case.  Because  African  and  Eurasian 
ancestries  are  considerably  divergent,  the  identification  of  the  ancestral  blocks  is  typically 
performed with high accuracy. We have found excess of African ancestry in genomic regions 
capable of influencing contraction and progress of infectious diseases. Because of the strong 
pathogen-driven selective pressure in Africa, the African genetic background accumulated bulk 
of genetic variants that confer resistance to certain infectious diseases. An excellent example 
from our data is represented by DARC region enriched for African ancestry in Sudanese Arabs 
and  Nubians,  originally  Eurasian  populations  (modern  Sudanese  Arabs  and  Nubians  are 
approximately 50% Eurasian), residing in Africa only for several hundreds of years. Assuming 
that Arabs and Nubians had only little, if any, innate resistance to malaria before they arrived 
to  the  Sahel  Belt,  individuals  who  inherited  the  African  allele  of  DARC  gene  had  strong 
advantage. The selection on DARC has been already described (Sabeti et al. 2007), but we 
have demonstrated its importance in the context of East African adaptative admixture. 
Similarly, we have observed excess of African ancestry in RXRA-COL5A1 region in the Cuban 
Dengue cohort, when comparing asymptomatic/controls with haemorrhagic patients. As we will 
discuss later, this region (particularly  RXRA) seems to play a role in the regulation of lipid 
metabolism pathways. 
On the contrary, we have also observed excess in Eurasian local ancestry in admixed African 
populations. In Eastern Sahel populations, the RAB3GAP1/LCT/MCM6 region on chromosome 
2 is significantly enriched for Eurasian ancestry, suggesting that Eurasian genetic variants in 
this  region  are  particularly  advantageous  compared  to  African  variants.  This  region  spans 
across 830 kb in 2q21.3 and harbours several genes known to be under positive selection. The 
region between LCT and MCM6 contains variants associated with lactase persistence, one of 
the strongest selection sweeps discovered so far, particularly in northern European populations 
(Sabeti et al. 2007; Karlsson et al. 2014). However, our results do not support LCT as a driver 
of selection, because none of our Eastern Sahel samples had the European allele for lactase 
persistence.  We  propose  that  the  selection  in  this  region  is  rather  being  driven  by  lipid 
metabolism pathways. This is consistent with results of positive selection on glycerolipid and 
glycerophospholipid metabolism pathways, as well as strong iHS values for RAB3GAP1 gene. 
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Additionally, this region contains microRNA-128 involved in cholesterol and lipid metabolism, 
as  well  as  insulin  sensitivity  (Naar  &  Najafi-Shoushtari  2013).  To  sum  up,  several  lines  of 
evidence  suggest  that  lipid  metabolism  was  targeted  in  Eastern  Sahel  populations.  As 
proposed previously (Wagh et al. 2012), this could be related to diet, although, as we also show 
below in the case study in Cuba, lipid metabolism plays a crucial role in host response to the 
infection (Joseph et al. 2003; Ma et al. 2014). 
Particularly interesting is the local ancestry pattern in Fulani. We detected excess of Eurasian 
ancestry at chromosome 12 in the region of taste receptors type 2, responsible for perception 
of bitter taste. In our dataset this signal is restricted only to Fulani population. Previous studies 
have shown that the members of TAS2R family are under positive selection in Eurasian and 
African populations, although the patterns of selection and the particular selected genes are 
different  and  located  in  another  chromosome  (Wang  et  al.  2004).  It  has  been  previously 
assumed that the selection on members like TAS2R16, which code for sensing of bitter anti-
inflammatory compound salicin, could be driven by the ability to digest medication (Campbell 
et al. 2014). Nevertheless, in our work we report the region with TAS2R members responsible 
for sensing natural alkaloids (Ledda et al. 2014). It is worth to note, that the cultural tradition of 
Fulani embraces rituals that involve ingurgitation of a bitter beverage containing seeds of the 
plant  Datura  metel.  As  the  initiation  ritual  of  boys  (Sharo)  is  painful,  participants  use  this 
beverage for its narcotic effect provided by alkaloids scopolamine or hyoscine, which depress 
the central nervous system (Adeola 2014). Because any sign of pain or tearing will 
disadvantage young Fulani men in competition for women, we propose that the ability to digest 
this bitter beverage might be actually targeted by sexual selection. 
Role of African ancestry background in lipid metabolism pathways 
The  work  performed  in  this  thesis  underlines  the  importance  of  lipid  metabolism  in  the 
evolutionary  adaptation  in  African  and  in  African  descendant  populations.  Although  our 
motivation and approach was partly different in each of the studies, in both studies the lipid 
metabolism emerged as a key target of evolution in those populations. Despite the fact that the 
genes and metabolic pathways we identified in the Cuban case and control groups are different 
from those seen in the Sahel populations, there are several points connecting them together, 
which we will discuss below. 
In East Africa, we observed strong signals of positive selection on genes involved in glycerolipid 
and  glycerophospholipid  metabolism,  and  on  RAB3GAP  gene,  which  is  involved  in  the 
regulation of blood lipids (Teslovich et al. 2010). However, both of these pathways are also 
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involved in a vast number of body functions and it is difficult to pinpoint the exact force that has 
been driving the selection, especially when it is plausible that various selective forces acted 
upon  some  of  the  identified  candidate  regions.  We  have  proposed  that  in  East  Africa, 
glycerolipid, glycerophospholipid and cholesterol metabolism pathways could be under 
selective pressure because of the specific diet rich in cholesterol, which is characteristic of 
some populations, e.g. Maasai (Biss et al. 1971). Similar signals were observed also by Wagh 
et al. (2012), arriving to the conclusion that the selection on the lipid pathway was probably 
driven by the extreme diet rich in meat. Nevertheless, these pathways are possibly targeted by 
several evolutionary forces, since the glycerolipid and glycerophospholipid metabolism 
pathways  play  a  role  also  in  the  formation  of  cell  membrane  (Farooqui  et  al.  2000),  cell 
differentiation and cell survival (Prentki and Madiraju 2008). For example, CD36 is one of the 
genes  implicated  in  glycerolipid  metabolism,  but  has  been  known  to  confer  resistance  to 
malaria (McGilvray et al. 2000). Recently, Durán et al. (2015) demonstrated, that lipid levels 
are directly linked to outcome of dengue infection, what is particularly relevant for our case 
study in Cuba. 
In the context of African and Eurasian admixture, it is important to note that the lipid profiles of 
Europeans and Africans are different: Africans have lower cholesterol levels and higher levels 
of low density lipids (LDL) (Goedecke et al. 2010). Curiously, the genes that we identified in 
the association study and admixture mapping in Cuba (RXRA and OSBPL10) have different 
genetic variants in Africans and Europeans and also the expression levels of OSBPL10 are 
different, suggesting that this gene supposedly contribute to differentiated lipid profiles between 
Africans and Europeans. 
The role of lipids in dengue infection is possibly related to the virus replication and maturation, 
which take place on endoplasmatic reticulum and Golgi complex. In these cellular structures, 
the oxysterol-binding proteins (OSBPs) play a key role in cholesterol homeostasis (Du et al. 
2015).  The  second  part  of  the  cholesterol  homeostasis  is  mediated  through  LXR/RXR 
activation pathway. RXRA regulates lipid metabolism in macrophages, the main target cells of 
dengue virus and LXR/RXRA heterodimers inhibit NF-κB gene which acts upon inflammatory 
mediators (Joseph et al. 2003). On the other hand, LXR/RXR dimers are negatively controlled 
by IRF3 when pathogens enter the cell through the toll-like receptors (TLRs), allowing proper 
action of NF-κB. During dengue infection, the expression of RXRA is downregulated, so the 
expression of type I interferon (IFN) could reach optimal levels, and after the infection the levels 
of RXRA return to normal (Ma et al. 2014). The fact that the downregulation of RXRA improves 
antiviral response is in line with the measured levels of mRNA expression in dengue patients 
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along the infection process: expression of RXRA was significantly lower during the first phases 
of infection and higher in healthy and convalescent patients, both in Cuba and in Thailand. 
Our  hypothesis  about  the  central  role  of  lipid  metabolism  in  dengue  infection  provides  a 
synthetic explanation of previously discovered associations with dengue. The protein product 
of  the  VDR  gene,  which  has  been  associated  with  protective  effect  in  the  Vietnamese 
population (Loke et al. 2002), forms heterodimers with RXRA and suppresses function of NF-
κB (D’Ambrosio et al. 1998). In addition, the PLCE1 gene, associated with protection against 
DSS in Vietnamese children (Khor et al. 2011), is implicated in the PPARA/RXRA activation 
pathway while affecting lipid metabolism (Motojima et al. 1998). We propose, that the protective 
variants  in  VDR  and  PLCE1  arose  in  Asian  populations,  while  in  African  populations  the 
protection mediated by RXRA and OSBPL10 were selected. The connecting point is the RXRA-
various dimers based-pathways, which play a role in lipid signaling and chemokine production. 
In fact, a link can also be made between the African enriched genomic regions found in Cuban 
asymptomatic  patients  and  in  Eastern  Sahel, through  RXRA  in  PPAR  activation  pathways. 
There are three classes of PPAR receptors: PPARA are present in skeletal muscles and liver, 
PPARB in skeletal muscles and adipocytes and PPARG in adipocytes. All three of them use 
9-cis-retinoic  acid  for  activation  of  the  heterodimers  PPAR-RXR  that  target  expression  of 
numerous genes implicated in lipid metabolism, including the glycerophospholipid metabolism 
(Figure 16). 
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Figure 16 - PPAR signalling pathway. Adapted from KEGG: Kyoto Encyclopedia of Genes and 
Genomes (Ogata et al. 1999). 
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The work presented in this thesis has several important implications for research of human 
history, evolution and adaptation to infectious diseases. 
1. The Trans-Atlantic Slave  Trade and  the Arab  Slave  Trade  redefined 
structure  of  populations  in  non-African  regions.  We  confirmed  that  various  African 
populations contributed to the gene pool of American populations and, in the Cuban case study, 
we elucidated the role played by the African ancestry on the progress of dengue infection. We 
also illuminated the patterns of African admixture in Arabian Peninsula, where health-related 
issues of African ancestry arise from various types of blood disorders of African origin. 
2. Lipid  metabolism  has  been  targeted  by  positive  selection  in  different 
African and African-descendant populations. We identified signals of positive selection on 
numerous genes involved in lipid metabolism in East African populations, supposedly related 
to a diet rich in meat, blood and milk. In addition, we found an association with outcome of 
dengue infection on a different set of genes related to lipid metabolism in the Cuban admixed 
population. 
3. Identified natural strategies of adaptation to complex diseases open new 
ways  for  pharmacological  research.  Methods  for  targeting  microRNA  in  RAB3GAP-LCT 
region have been already patented with prospective of development new treatments of insulin 
resistance  and  lipid  metabolism  regulation.  Our  results  may  foster  research  also  on  the 
glycerolipid metabolism pathway, and dengue research community may start targeting RXR 
pathway in search for better treatment methods.  
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7.1 Appendix A – Supplementary Material Paper I. 
 
Extensive admixture and selective pressure across 
the Sahel Belt. 
 
Genome biology and evolution, 7(12), 3484-3495. 
 
 
 
 
 
Due to the large extend of Supplementary Material, only the most relevant 
supplementary tables and figures are presented in printed version. 
Complete Supplementary Material is provided in digital format 
(Supplementary Tables – Paper I). 
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Figure S3 - ADMIXTURE results. Ks between 2 and 7. 
 
Figure S5 - PC1 versus PC3. 
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Figure S6 - Heat map for FST distances between Sahelian populations. 
 
 
Figure S7 - Heat map for FST distances between Sahelian and Eurasian populations. 
 
 
APPENDICES 
    
181 
 
Figure S8 - RFMix results in Arabs and Nubians using Luhya and Italy as parental populations. 
 
 
 
 
Figure S11 - RFMix results in Oromo using Luhya and Italy as parental populations. 
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Figure S15 - Top-10 (in black letters) XP-EHH in Fulani vs Oromo, and Daza+Kanembu and each 
Eastern Sahelian population compared with the Western Gambia population. When some of the 
genes were also in the 0.1% significant tale of the distribution in other populations, although not in the 
top-10, they were represented in gray and italic letters.  
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Table S1 - Populations genotyped in this study. Sample size, country, subsistence system, language 
and geographic coordinates. 
African 
Region 
Population Sample 
size 
Country Subsistence 
system 
Language 
phylum 
Longitude Latitude 
West 
Sahel 
Gurmantche 15 Burkina Faso Sedentarian Niger-Congo 0.72 11.24 
Gurunsi 16 Burkina Faso Sedentarian Niger-Congo -1.14 11.17 
Mossi 17 Burkina Faso Sedentarian Niger-Congo -1.34 12.59 
Songhai 3 Mali Sedentarian Nilo-Saharan -1.70 15.28 
West-
Central 
Sahel 
Fulani 13 Burkina Faso; 
Niger; Chad 
Nomadic Niger-Congo various various 
Central 
Sahel 
Daza 18 Chad Seminomadic Nilo-Saharan 20.55 18.18 
Kanembu 5 Chad Sedentarian Nilo-Saharan 15.31 14.12 
East 
Sahel 
Arabs 16 Sudan Sedentarian Afro-Asiatic 30.75 18.41 
Nubians 14 Sudan Sedentarian Nilo-Saharan 30.48 20.79 
Oromo 17 Ethiopia Sedentarian Afro-Asiatic 35.05* 8.04* 
Somali 11 Somalia Sedentarian Afro-Asiatic 42.63* 2.00* 
Turkana 6 Kenya Nomadic Nilo-Saharan 36.71 2.74 
Samburu 10 Kenya Nomadic Nilo-Saharan 36.72 2.74 
Total  161      
* These samples were collected in a refugee camp in Yemen; these coordinates reflect main 
geographical distributions of these populations. 
 
Table S2 - Populations from other datasets used in this study. Sample size, country and reference. 
Region Population Sample 
size 
Country Reference 
Sub-
Saharan 
Africa 
 
Gambian 50 Burkina Faso 1000 Genomes Project 
Mende 50 Sierra Leone 1000 Genomes Project 
Yoruba 50 Nigeria 1000 Genomes Project 
Esan 50 Nigeria 1000 Genomes Project 
Luhya 50 Kenya 1000 Genomes Project 
Mandenka 22 Senegal Li et al. (2008) 
North 
Africa 
Mozabite 27 Algeria Li et al. (2008) 
Near 
East 
Bedouin 45 Israel Li et al. (2008) 
Palestinian 46 Israel Li et al. (2008) 
Europe Sardinian 28 Italy Li et al. (2008) 
Tuscany 50 Italy 1000 Genomes Project 
French 28 France Li et al. (2008) 
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7.2 Appendix B – Supplementary Material Paper II. 
 
OSBPL10, RXRA and lipid metabolism confer 
African-ancestry protection against dengue 
haemorrhagic fever in admixed Cubans.  
 
In preparation. 
 
 
 
 
 
Due to the large extend of Supplementary Material, only the most relevant 
supplementary tables and figures are presented in printed version. 
Complete Supplementary Material is provided in digital format 
(Supplementary Tables – Paper II). 
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Figure S7 - LefSe for African-related associated genes with dengue fever in the three comparison 
groups (HCG, FCG and OCG). 
 
 
Figure  S8  -  LefSe  for  non-African-related  associated  genes  with  dengue  fever  in  the  three 
comparison groups (HCG, FCG and OCG). 
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Figure S9 - Difference in African ancestry in HCG along the 22 autosomes. The line defines the 
99% confidence interval. 
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Table S7 - Regions along chromosomes identified in RFMix analysis in the HCG above the 99% 
confidence interval for the difference in African ancestry. 
Chr Block start Block end 
No. of African 
blocks in 
asymptomatic 
control 
No. of 
African 
blocks in 
hemorrhagic p-value Protein coding genes 
1 79666332 80267726 33 18 0.024319984   
1 80269886 80916102 33 17 0.015016031   
1 80921812 81159163 34 17 0.009941148   
1 81159521 81352249 32 17 0.022331877   
1 81655249 81768121 33 18 0.024319984   
1 81768971 81892985 33 17 0.015016031   
1 81895097 81989420 31 16 0.020339182   
1 211798430 212093158 33 18 0.024319984 NEK2 LPGAT1 
1 229499636 238391155 32 17 0.022331877 
ACTA1 NUP133 ABCB10 TAF5L C1orf198 URB2 GALNT2 
PGBD5 COG2 AGT CAPN9 TTC13 ARV1 FAM89A TSNAX 
DISC1 TRIM67 C1orf131 GNPAT EXOC8 SPRTN EGLN1 
DISC2 SIPA1L2 MAP10 NTPCR PCNXL2 KIAA1804 KCNK1 
AK054726 SLC35F3 COA6 TARBP1 IRF2BP2 TOMM20 
RBM34 ARID4B GGPS1 TBCE B3GALNT2 AX747026 LYST 
GNG4 GPR137B NID1 ERO1LB EDARADD LGALS8 HEATR1 
ACTN2 MTR MT1HL1 RYR2 ZP4 
1 242010116 242077448 27 12 0.01257109 EXO1 
2 134054312 134213436 28 13 0.014454423 NCKAP5 
2 134363401 134589967 29 14 0.01638702   
2 134591340 134643199 30 14 0.010725139   
2 137591618 137769652 29 14 0.01638702 THSD7B 
7 155921264 155967382 35 20 0.028242831   
7 158069264 158176618 36 19 0.012049956 PTPRN2 
7 158178405 158536345 36 21 0.030160496 PTPRN2 NCAPG2 ESYT2 
7 158763288 159124481 37 22 0.032039229 VIPR2 
9 86676854 86771998 35 20 0.028242831   
9 86988321 87289280 34 19 0.02629332 NTRK2 
9 87292328 87530935 35 20 0.028242831 NTRK2 
9 87694716 87939277 34 19 0.02629332   
9 137516213 137694369 34 19 0.02629332 RXRA-COL5A1 
9 137699002 137730956 34 17 0.009941148 COL5A1 
9 137732458 137780823 33 18 0.024319984 FCN2 COL5A1 
9 138668073 138817178 35 19 0.017938274 KCNT1 CAMSAP1 
14 24114490 24159882 30 14 0.010725139 DHRS2 
 
 
APPENDICES  
190 
 
  
 
APPENDICES 
    
191 
 
 
 
 
 
 
 
7.3 Appendix C – Supplementary Material Paper III. 
 
Genetic Stratigraphy of Key Demographic Events 
in Arabia 
 
PloS One, 10(3), e0118625. 
 
 
 
 
 
Due to the large extend of Supplementary Material, only the data related 
to genome-wide analysis are presented. Complete Supplementary 
Material is provided in digital format (Supplementary Tables – Paper III). 
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Figure S38 - Population structure inferred by ADMIXTURE analysis. Each individual is represented 
by a vertical (100%) stacked column of genetic components proportions shown in colour for K = 3, 4 and 
5. 
